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INTRODUCTION: 

(3-Lapachone  ((3-lap,  3,4-dihydro-2,2-dimethyl-2H-naphto  [1,2b]  pyran-5,6-dione)  is  a  novel 
agent  used  by  our  laboratory  to  kill  a  number  of  breast  cancer  cell  lines  through  an  unique  apoptotic 
pathway.  It  is  a  naturally  occurring  product  present  in  the  bark  of  the  Lapacho  tree  native  to  South 
America.  13-Lap  has  antitumor  activity  against  a  variety  of  human  cancers,  including  colon,  prostate, 
promyelocytic  leukemia  and  breast.  13-Lap  kills  cells  exclusively  by  apoptosis  and  independently  of 
p53  status,  which  is  critical  since  many  cancers  exhibit  loss  of  p53  tumor  suppressor  function.  13-Lap 
appears  to  be  activated  by  DT-diaphorase  (NQ01),  and  cells  deficient  for  this  enzyme  are  less  sensitive 
to  13-lap’s  downstream  effects,  and  ultimately  cell  death.  Furthermore,  NQ01 -expressing  MCF-7  breast 
cancer  cells  co-treated  with  dicumoral,  a  specific  inhibitor  of  NQ01,  are  protected  against  13-lap- 
induced  cytotoxicity  and  apoptosis.  Importantly,  NQ01  appears  to  be  more  abundantly  expressed  in  a 
number  of  breast  tumors  compared  with  surrounding  normal  tissue.  This  observation,  more  than  any 
other,  suggests  that  drugs  that  are  activated  by  NQ01  may  show  significant  tumor  specific  activity 
against  human  breast  cancer. 

The  purpose  of  this  proposal  was  to  further  understand  the  molecular  mechanisms  of  13-lap- 
induced  apoptosis,  and  its  ability  to  target  cancer  cells  over  normal  cells.  We  believe  that  13-lap 
induces  apoptosis  through  changes  in  intracellular  calcium  homeostasis  and  calpain  activation. 
This  was  tested  via  two  specific  aims  using  NQOl-expressing  and  non-expressing  (13-lap  sensitive 
and  resistant,  respectively)  MDA-MB-468  breast  cancer  cells  as  a  model  system. 

The  first  aim  is  to  determine  changes  in  intracellular  calcium  homeostasis  before  and  after  13- 
lap  exposure.  Alterations  in  intracellular  calcium  homeostasis  are  commonly  observed  in  apoptosis. 
Fluorescent  calcium  dye  indicators  will  be  used  to  determine  changes  in  intracellular  calcium  levels,  as 
well  as  GFP-calmodulin  calcium  indicators  (cameleons,  that  are  targeted  to  intracellular  organelles), 
for  a  more  accurate  determination  of  where  calcium  changes  are  occurring.  Analysis  of  apoptosis  via 
flow  cytometric  analyses  will  be  performed  in  breast  cancer  cells  after  13-lap  treatment  in  the  presence 
of  extracellular  calcium  chelators,  to  determine  if  changes  in  intracellular  calcium  concentrations  are 
critical  for  DNA  fragmentation  and  cell  death. 

The  second  aim  will  be  to  determine  the  role  of  p-calpain  and  its  downstream  targets  in  13-lap- 
induced  apoptosis,  p -Calpain  activation  will  be  assessed  using  fluorogenic  substrates.  Substrate 
cleavage  analyses,  in  vitro,  will  be  performed  using  specific  downstream  targets,  as  determined  from 
western  blot  timecourse  analyses  (PARP,  lamin  B,  and  p53).  Confocal  microscopy  with  indirect 
immunofluorescence  and  Green  Fluorescent  Protein  (GFP)-tagged  p-calpain  will  be  used  to  examine 
calpain  translocation  and  co-localization  studies  with  downstream  targets. 

Understanding  the  molecular  mechanisms  of  6-lap-induced  apoptosis  will  help  better  target  this 
agent  for  breast  cancer  therapy,  as  well  as  provide  a  rationale  for  future  drug  development  and/or 
modulation  of  existing  agents.  In  addition,  a  novel  p-calpain-mediated  apoptotic  pathway  will  be 
elucidated  using  6-lap  as  an  initiating  agent. 
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BODY  OF  GRANT  UPDATE: 


Aim  1:  To  determine  the  effect  of  0-lap  on  intracellular  calcium  homeostasis  and  apoptosis 

Task  1: 

1.  Determine  changes  in  intracellular  calcium  homeostasis  using  the  fluorescent  dye 
indicator,  fura-2,  in  MDA-MB-468  (plus  vector  alone)  compared  to  MDA-MB-468  breast 
cancer  cells  tranfected  with  NQ01  expression  vectors.  Several  clones  will  be  tested  as 
well  as  a  variety  of  breast  cancer  cell  lines  treated  with  0-lap,  +/-  dicumarol,  a  specific 
inhibitor  of  NQ01  (months  1-12). 

This  task  was  completed  and  the  data  published  by  Dr.  ColleenTagliarino,  who  received  her  Ph.D. 
in  2001.  Publications  resulting  from  these  studies  demonstrated  a  role  for  NQOl  (Pink  et  al.,  JBC, 
2000;  Planchon  et  al.,  Exp  Cell  Res.,  2001)  and  calcium  (Tagliarino  et  al.,  J.  Biol.  Chem.,  2001)  in  13- 
lap-mediated  apoptotic  responses.  These  results  are  briefly  summarized  below: 

NQOl  as  an  intracellular  determinant  of  quinone  xenobiotic  toxicity.  NQOl  (NAD(P)H:quinone 
oxidoreductase,  E.C.  1.6.99.2,  a.k.a.,  xip3)  is  a  flavoprotein  found  in  most  eukaryotic  cells.  The  human 
NQOl  gene  encodes  a  30  kDa  protein 
abundant  in  the  liver  of  most  mammals, 
except  humans  (1-4).  More  importantly, 

NQOl  is  over-expressed  up  to  20-fold  in 
a  majority  of  breast  (Fig.  1)  v.  adjacent 
normal  tissue  (1-4).  This  observation, 
more  than  any  other,  suggests  that  drugs 
activated  by  NQOl,  (e.g.,  mitomycin  C 
(MMC),  streptonigrin,  or  E09)  should 
show  significant  anti-tumor  activity 
against  NQOl -overexpressing  breast 
cancers.  13-Lap  and  its  derivatives  belong 
to  this  class  of  quinones  (see  below). 

NQOl  catalyzes  a  two- 
reduction  of  various  quinones,  using 
NAD(P)H  as  electron  donors,  resulting 
in  hydroquinones.  This  reaction  bypasses  the  unstable  and  highly  reactive  semiquinone  intermediate. 
Semiquinones  are  excellent  free  radical  generators,  initiating  a  redox  cycle  causing  superoxide 
formation  (5).  Superoxide  can  dismutate  to  hydrogen  peroxide,  and  hydroxyl  radicals  are  then  formed 
by  the  iron-catalyzed  reduction  of  peroxide  via  Fenton  reactions  (6).  All  of  these  highly  reactive  species 
may  directly  react  with  DNA  or  other  cellular  macromolecules,  such  as  lipids  and  proteins,  causing 
damage  to  the  cell.  NQOl -mediated  production  of  the  hydroquinone,  which  can  be  readily  conjugated 
with  glutathione  and  excreted  from  the  cell,  constitutes  a  protective  mechanism  against  quinone- 
mediated  damage  (7,  8).  NQOl  activity,  thus,  protects  cells  from  the  toxicity  of  naturally  occurring 
xenobiotics  containing  quinone  moieties,  and  may  be  the  evolutionary  reason  for  the  damage- 
inducibility  of  this  gene  (7-13).  NQOl  knock-out  (KO)  mice  show  enhanced  sensitivity  to  cytotoxic 
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(e.g.,  menadione)  and  carcinogenic  quinones,  reinforcing  the  notion  that  NQOl  detoxifies  quinone 
xenobiotics  (14). 

Unfortunately  for  the  cell,  NQOl  also  reduces  certqirinones  to  toxic  products,  causing 
'activation'  of  these  drugs  (8,  15).  The  alkylating  activity  of  MMC  is  revealed  through  a  two-electron 
reduction  by  NQOl,  or  through  two  separate  one-electron  reductions  by  other  reductases  (eg., 
NADH : cytochrome-b5  reductase  (b5R)  and  NADPH: cytochrome  P450  reductase  (P450R))  (10,  16-19). 
A  correlation  between  MMC  sensitivity  and  NQOl  activity  in  the  sixty-nine  cell  lines  from  the  NCI 
human  tumor  cell  panel  was  noted  (20).  Thus,  NQOl  is  a  critical  activator  of  MMC,  and  other  quinone- 
containing  antitumor  agents.  Streptonigrin  and  E09  are  also  activated  by  NQOl -reduction  (12,  13). 
Although  13-lap  belongs  in  this  class  of  quinones,  the  mechanism  of  cell  death  occurs  exclusively  by 
apoptosis.  The  drug  does  not  appear  to  alkylate  DNA  or  cause  strand  breaks  (21),  as  does  MMC,  E09 
or  Streptonigrin  (7,  13,  22-24). 

Dicoumarol  {3-3’-methylene-bis(4-hydroxycoumarin)}  is  a  commonly  used  NQOl  inhibitor  that 
competes  with  NAD(P)H  for  binding  to  the  oxidized  form  of  NQOl,  preventing  reduction  of  various 
target  quinones  (25-27).  Thus,  dicoumarol  addition  enhances  the  toxicity  of  a  number  of  quinones  (eg., 
menadione)  by  preventing  their  detoxification  (7,  28).  In  contrast,  dicoumarol  significantly  prevents  the 
toxicity  of  quinones  that  require  NQOl  for  activation,  e.g.,  MMC,  Streptonigrin,  or  E09. 

Dicoumarol  prevents  13-lap  lethality.  Structural  similarities  between  13-lap  and  other  naphthoquinones 
(e.g.,  menadione  (Vitamin  K3,  2-methyl-l,4  naphthoquinone))  suggested  that  NQOl  may  be  involved 
in  the  activation  or  detoxification  of  this  drug.  The  IR-inducible  properties  of  NQOl  (xip3)  were 
consistent  with  this  compound’s  ability  to  radiosensitize  cells  (29,  30).  Accordingly,  co-administration 
of  50  pM  dicoumarol  concomitant  with  13-lap  caused  a  significant  enhancement  in  MCF-7:WS8  (MCF- 
7)  cell  survival  (Fig.  2).  While  this  protection  was  dramatic  at  13-lap  doses  of  4-12  pM,  the  protective 
effects  of  50  pM 
dicoumarol  were 
overcome  by  >14  pM 
13-lap.  In  contrast, 

NQOl'  468  cells  were 
relatively  resistant  to 
13-lap  (LDio  ~12  pM, 
compared  with  an 
LD,0  of  ~2  pM  for 
MCF-7  cells),  and 
these  cells  were  not 
protected  by 
dicoumarol.  Since  468 

cells  do  not  express  NQOl  (31)  and  dicoumarol  protected  MCF-7  cells  (Fig.  2),  these  data  suggested 
that  NQOl  activity  was  a  critical  determinant  in  13-lap-mediated  lethality.  Further  studies  showed  that 
13-lap  undergoes  a  futile  redox  cycle  that  drains  NAD(P)H  levels  from  NQ01+  cells,  resulting  in  ATP 
depletion  in  30  mins  of  13-lap  exposure;  for  every  mole  of  13-lap  used  by  NQOl,  up  to  60  moles  of 
NAD(P)H  were  used  (31). 

Dicoumarol  prevents  13-lap-mediated  proteolysis.  We  showed  that  apoptosis  in  various  human  breast 
cancer  cell  lines  induced  by  13-lap  was  unique,  causing  a  pattern  of  PARP  and  p53  cleavage  events  in 
vivo,  that  were  distinct  from  events  caused  by  caspase-activating  agents  (Figs.  3B,  5C).  After  13-lap 
exposure,  we  observed  concomitant  unusual  PARP  (yielding  an  ~60  kDa  fragment,  Fig.  3)  and  p53 


Figure  2.  Dicoumarol  inhibits  fi-lap-mediated  cytotoxicity  in  NQOl-expressing 
MCF-7,  but  not  NQOl-deficient,  MDA-MB-468  cells.  Log-phase  MCF-7  or  468  cells 
were  exposed  to  various  doses  of  8-lap  at  indicated  doses,  +co-administration  of  50  pM 
dicoumarol  for  4  h.  Colony  forming  ability  (shown)  and  relative  growth  inhibition  were 

measured  7  days  later.  NQOl  levels  for  each  of  the  cell  lines  are  demonstrated  in  Fig.  5. 

WSS  MO  A-MB  -  468 


B-Lap  Cone.  ti-Lap  Cone.  OM) 
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proteolysis  (yielding  an  ~40  kDa  fragment)  that  was  likely  due  to  the  activation  of  the  neutral,  Ca  +- 
dependent  protease,  p-calpain  (32,  33).  A  similar  calpain-mediated  cleavage  of  p53  was  reported  (34, 
35),  and  activation  of  p-calpain  was  explored  below.  To  examine  the  effect  of  dicoumarol  on  6-lap- 
mediated  PARP  and  p53  proteolysis  in  MCF-7  cells,  we  treated  cells  with  a  4  h  pulse  of  8  pM  6-lap  (6), 
+50  pM  dicoumarol  (D  or  Die)  (Fig.  3).  Dicoumarol  abrogated  atypical  PARP  or  p53  cleavage  after  6- 
lap  exposure,  but  had  no  effect  on  1.0  pM  staurosporin  (S)-induced  classic  PARP  cleavage  (i.e., 
formation  of  an  89  kDa  PARP  fragment  (36)  in  MCF-7  cells,  (Fig.  5C)).  The  fact  that  dicoumarol 
significantly  protected  NQOl -expressing  cells  from  6-lap-mediated  apoptosis  strongly  suggested  a  role 
for  NQOl  in  this  compound’s  toxicity.  However,  previous  studies  indicated  that  dicoumarol  may  also 
inhibit  other  redox  enzymes  at  high  concentrations  (37). _ -  -  - _ _ 

Figure  3.  B-Lap-mediated,  NQOl-dependent  proteolysis  in  human  breast  cancer  cells.  In  A,  NQOl  levels  in  human  breast 
cancer  cells.  In  B,  B-Lap-treated  MCF-7  cells  show  atypical  poly(ADP-ribosyl)polymerase  (PARP)  and  p53  cleavage  during 
apoptosis.  In  C,  MCF-7  cells  were  exposed  to  medium  alone  (C),  4  pM  B-lap  (13)  or  staurosporin  (S),  with  or  without  dicoumarol 
(D)  and  PARP  (shown)  and  p53  cleavage  events  were  observed.  In  D  &  E,  NQOl  expression  sensitizes  to  13-lap.  Open  triangles 
and  circles  are  (3-lap-treated,  NQOl4  468  cells  co-treated  with  dicoumarol.  Closed  squares  are  vector  alone  468  cells.  MDA-MD- 
468  (468)  cells  were  transfected  with  NQOl  and  tested  for  13-lap  sensitivity  for  survival  (D)  and  apoptosis  (E,  TUNEL  staining). 
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A  B  C  D  E 

Transfection  of  NQOl  sensitizes  cells  to  B-lap.  To  examine  the  role  of  NQOl  in  6-lap  cytotoxicity, 
we  used  the  drug  resistant,  NQOl -deficient,  468  cell  line  to  determine  if  exogenous  expression  of 
NQOl  could  sensitize  these  cells  to  6-lap.  NQOl  expression  in  isolated  clones  was  determined  by 
Western  blot  and  enzyme  assays.  Enzyme  activity  correlated  with  NQOl  protein  expression.  Vector 
alone  clones,  as  in  parental  468  cells,  did  not  express  NQOl.  Of  the  ten  clones  isolated,  nine  expressed 
NQOl.  NQOl  transfectants  were  then  tested  for  sensitivities  to  6-lap  or  menadione  (31).  Growth 
inhibition  and  survival  were  assessed  after  4  h  pulses  of  drugs,  +50  pM  dicoumarol  (Fig.  3D).  The 
relative  growth  of  B-lap-treated  v.  control  (T/C)  cells  was  examined  7  days  after  drug  exposure,  and 
responses  correlated  well  with  clonogenic  assays.  In  all  cases,  NQOl  expression  led  to  a  marked 
increase  in  6-lap  sensitivity  (31,  38).  Co-addition  of  50  pM  dicoumarol  inhibited  6-lap  toxicity  in  all 
NQ01+  clones  (Fig.  3D).  Dicoumarol  did  not  affect  the  6-lap-resistant  NQOl’  Vec-3  clones.  Opposite 
results  were  observed  after  menadione  exposure.  NQ01+  cells  were  more  resistant  to  menadione  than 
NQOT  clones.  Resistance  was  ameliorated  by  dicoumarol  (31,  38).  To  confirm  that  cell  death  occurred 
due  to  apoptosis  in  NQOl  transfectants,  we  used  TUNEL  and  flow  cytometric  assays  to  measure  DNA 
fragmentation  after  6-lap  exposures  (Fig.  3E).  Vec-3  cells  showed  <2%  apoptosis  after  6-lap  treatment. 
NQ01+  clones  showed  30-70%  apoptosis,  whereas  NQOl’  468  Vec3  cells  did  not  show  TUNEL 
staining  (Fig.  3E).  Dicoumarol  prevented  DNA  fragmentation  in  all  NQ01+  468  clones.  NQ01+  468 


00 

90  ft 

ft  f 

>  OC  1 

?  wt  R 


B  \M  fl-Lap 


£  <  2  Tiinc(M~>i 

fc.  A  < 

U  g  p 


0  4  S  101216  28 


-  C  fi 

+  +  4 

UV  C  (8  (0  SfS 


113  kDa — > 


>W: 


113  kDa  — 
PARP  89  kDa  — > 


NQOl  >*- 


Ponceau  S  -  >;j 


-60kD*->- 


Mklla- 


-40kD»->! 


p53 


40  kDa  — ^ 
40  kDa  — ► 


1  2  3  4  5  6 


7 


Wagner  MW/Tagliarino  C 

clones  were  then  used  to  determine  if  lethality  corresponded  with  increased  atypical  PARP  and  p53 
cleavage.  NQ01+  clones  (NQ-1,  NQ-3,  NQ-6  &  NQ-7)  showed  ~60  kDa  PARP  cleavage,  24  h  after  a  4 
h,  8  pM  B-lap  treatment  (32,  33,  39).  p53  cleavage  was  also  noted.  These  data  showed  that  while 
certain  aspects  of  B-lap  lethality  were  unique  (e.g.,  atypical  PARP  cleavage),  other  aspects  conformed 
to  classic  apoptosis  (e.g.,  DNA  fragmentation)  (40,  41).  Cells  exposed  to  10  pM  menadione 
±dicoumarol  showed  opposite  survival  responses  and  p53  and  PARP  cleavage.  Dicoumarol  enhanced 
p53  cleavage.  NQOl  expression  also  led  to  resistance  to  menadione-induced  p53  cleavage,  which  was 
reversed  by  dicoumarol.  Near  identical  results  were  found  using  human  prostate  cancer  cells,  (31-33, 
38).  These  data  established  that  NQOl  activity  was  critical  for  the  acute  cytotoxicity  of  B-lap. 
Apoptosis  elicited  by  this  agent  was  unique,  resulting  in  the  atypical  cleavage  of  PARP  and  p53. 


Figure  4.  Ca2+  changes  required  for  B-lap-mediated  ATP  losses  and  apoptosis.  MCF-7  cells  were  treated  with  5  pM  B-lap 
at  times  or  other  concentrations  as  indicated.  Some  cells  were  pretreated  for  30  mins  with  BAPTA-AM  or  EGTA,  +4  h  5  pM 
B-lap  as  indicated.  Cells  were  then  monitored  for  apoptosis  by  TUNEL  (A,B)  and  losses  in  ATP  (C,D),  using  luciferase  and 
HPLC  assays  to  monitor  total  ATP  levels,  as  well  as  changes  in  ATP/ADP  ratio  levels  (Tagliarino,  JBC,  2001,  Appendix). 
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Role  of  Ca2+  signaling  in  apoptosis  after  B-lapachone  (B-lap).  NQOl -directed,  B-lap-mediated 
apoptosis  (>60%  apoptosis,  8-10  h  after  a  4  h  pulse  of  4-5  pM  B-lap)  was  accompanied  by:  (a)  rapid 
dephosphorylation  of  the  pRb  protein,  3  h  after  exposure  of  MCF-7  cells  to  2-4  pM  B-lap  (40);  (b) 
atypical  cleavage  of  p53  and  PARP  (39);  and  (c)  apparently  ‘typical’  apoptosis-associated  lamin  B 
cleavage  that  was  not  prevented  by  zVAD,  DEVD  or  other  global  caspase  inhibitors.  Similar 
responses  did  not  occur  in  NQOl -deficient  cells,  nor  in  NQOl -expressing  cells  exposed  to 
dicoumarol.  According  to  reports  in  the  literature,  p53  cleavage  during  apoptosis  (as  in  Fig.  3)  is 
indicative  of  p-calpain-mediated  apoptosis  (32,  42,  43).  These  data  suggest  that  p-calpain  was 
activated  in  NQOl -expressing  cells  by  fi-lap.  Since  we  suspected  p-calpain  activation  by  B-lap,  and 
since  this  zymogen  was  specifically  activated  by  Ca2+  binding,  alterations  in  intracellular  Ca2+  stores 
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in  an  NQOl -dependent  fashion  after  13-lap  exposure  were  explored  (33).  Consistent  with  our  theory, 
we  found  that  ATP  losses  and  TUNEL  responses  (apoptosis)  in  cells  exposed  to  5  pM  6-lap  for  4  h 
were  prevented  by  Ca2+  chelators  (Fig.  4).  Administration  of  EDTA  (or  EGTA)  also  partially 
prevented  apoptosis  and  intracellular  proteolysis  of  PARP,  p53  or  lamin  B  in  6-lap-exposed  cells  (32, 
33).  BAPTA-AM  partially  blocked  ATP  losses  (Fig.  4,  lower  right  panel)  and  partially  prevented  6- 
lap-mediated  apoptosis  (Fig.  4,  left  panels)  proteolysis,  and  lethality  (not  shown);  BAPTA-AM  is  a 
specific  Ca2+  chelator  that  concentrates  in  cells  and  sequesters  cytosolic  Ca2+  released  from  ER  stores, 
as  well  as  from  other  internal  organelles.  Thapsigargin  (TG,  an  irreversible  ER  SERCA  pump 
inhibitor)  or  ionomycin,  known  stimulators  of  Ca2+  release,  were  used  as  positive  controls.  BAPTA- 
AM  prevented  TG-  or  ionomycin-induced  Ca2+  releases  (by  fluo4-AM  staining  and  confocal 
microscopy)  and  apoptosis  (not  shown,  (33)). 

We  then  confirmed  that  da  alterations  occurred  in  NQOl -expressing,  6-lap-exposed  MCF-7  or 
468-NQ3  cells  using  fluo4-AM  dye  staining  and  confocal  microscopic  evaluation  of  exposed  or  non- 
exposed  single  cells  (Fig.  7,  (33)).  Dramatic  Ca2+  increases  (3-10  mins  post-treatment)  in  6-lap- 
exposed,  NQOl -expressing  human  breast  cancer  cells  were  measured  (33).  Ca2+  increases  were 
prevented  by  dicoumarol  in  NQ01+  breast  cancer  cells  (not  shown),  but  not  in  NQOl  cells  (33). 
Although  these  data  suggested  that  Ca2+  changes  were  important  for  6-lap-mediated  cell  death,  Ca2+ 
chelation  did  not  completely  abrogate  these  responses,  at  least  when  cells  were  exposed  to  4  pM  fi- 
lap  for  4  h. 

Task  2: 

1 .  Stably  transfect  MDA-MB-468  vector  and  NQOl  breast  cancer  cells  with  cameleons,  GFP-calcium 
indicators  (months  1-12). 

We  determined  that  this  line  of  investigation  was  not  feasible,  since  theameleons  are  not 
reliable.  This  line  of  research  yielded  little  useable  data  due  to  instability  of  the  cameleons  and 
very  strong  noise  within  the  data.  All  experiments  using  the  cameleons  were,  therefore, 
terminated. 

2.  Determine  the  localization  of  intracellular  calcium  changes  in  the  above  stably  transfected  cells 
after  (3-lap,  +/-  dicumarol  treatments,  via  confocal  microscopy  (months  12-36). 

See  the  data  above  published  in  Tagliarino  et  al.,  JBC,  2003.  These  studies  were 
completed  as  discussed  above. 

Task  3: 

3.  Determine  whether  blocking  intracellular  calcium  with  EGTA/EDTA  prevents  13-lap- 
induced  apoptosis  and  downstream  apoptotic  events  (i.e.,  p53  and  lamin  B  cleavage, 
nuclear  condensation,  DNA  fragmentation)  via  flow  cytometric  and  western  blot  analyses. 
Vector  alone  468  cells  will  be  compared  to  468  clones  expressing  NQOl,  and  cells  will  be 
treated  +/-  DMSO  (drug  vehicle),  +/-  (3-lap,  and  +/-  dicumarol  in  various  combinations 
(months  1-24). 

See  the  data  above  published  in  Tagliarino  et  al.,  JBC,  2003.  These  studies  were 
completed  and  published  as  discussed  above. 
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Aim  2: 

To  determine  the  role  of  calpain  and  its  downstream  targets  in  13-lap-induced  apoptosis 

Task  1: 

1.  Determine  p-calpain  activation  using  flurogenic  substrates  (i.e.,  Suc-LY-MNA),  inhibitors  (i.e.,  p- 
calpain  inhibitor  I,  PD15606,  etc),  and  observe  p-calpain  autolysis  via  western  blot  analyses. 
Similar  treatments  as  described  in  Aim  1  using  468  vector  and  NQ01  expressing  cells,  +/- 
DMSO,  +/-  (3-lap,  and  +/-  dicumarol  in  various  combinations,  will  be  used  (months  1-24). 


Task  2: 

1.  Develop  mammalian  expression  plasmids  which  produce  p-calpain-GFP  fusion  proteins  via  TOPO 
cloning  (Invitrogen)  (months  1-12). 

4.  Transiently  transfect  MDA-MB-468  vector  or  NQ01  breast  cancer  cells  with  the  p-calpain- 
GFP  expression  vector  and  determine  p-calpain  translocation  after  treatment  with  (3-lap  via 
confocal  microscopy.  Endogenous  p-calpain  levels  will  be  simultaneously  assessed  via 
confocal  microscopy  as  described  in  preliminary  results  (months  12-36). 

Task  3: 

-  Determine  calpastatin  levels  and  localization  before  and  after  |3-lap  treatment  via  indirect 
immunofluorescence  and  confocal  microscopic  analyses  (months  1-24). 

Task  4: 

2.  In  Vitro  transcription/translation  of  key  downstream  targets  implicated  in  (3-lap-induced  apoptosis 
(i.e.,  PARP,  p53,  and  lamin  B).  Incubate  these  substrates  with  purified  p-calpain  to  determine 
calpain  cleavage  sites  and  fragment  sizes  to  compare  with  those  observed  in  vivo,  after  (3-lap 
treatment.  The  goal  is  to  then  sequence  the  p-calpain  cleavage  site(s),  make  specific  fmk-cleavage 
site  peptide  inhibitors,  and  use  these  to  potentially  block  |3-lap-mediated  apoptosis  (months  1-36). 

Tasks  1-4  were  complete  and  published  in  Tagliarino  et  al.,  Cancer  Biology  and  Therapy,  2003. 
Briefly,  these  results  are  described  below: 

Exposure  of  MCF-7  cells  to  Jl-lap  resulted  in  p-Calpain  activation  in  a  temporal  manner 
corresponding  to  cell  death-  Log-phase  MCF-7  cells  were  treated  for  4  h  with  5  mM  13-lap,  at  which 
time  fresh  medium  was  added.  Cells  were  harvested  at  the  indicated  times  and  analyzed  for  substrate 
proteolysis,  calpain  activation  p-  and  m-  calpain  (via  western  blot  analyses),  and  apoptosis.  Treatment 
of  MCF-7  cells  with  13-lap  resulted  in  —25%  apoptotic  cells,  at  4-6  h  post-treatment,  —60%  apoptosis  at 
8  h,  and  >90%  apoptotic  cells  by  24  h,  as  measured  by  TUNEL  analyzes  (Fig.  1A).  TUNEL  data  was 
correlated  with  morphological  analyses  via  phase  contrast  microscopy  and  Hoechst  staining  for  nuclear 
condensation  as  described(38),  indicating  that  TUNEL  data  was  representative  of  apoptotic  cells. 
Treatment  of  MCF-7  cells  with  13-lap  also  resulted  in  PARP  and  p53  proteolysis  8  h  post-treatment, 
and  complete  loss  of  full-length  PARP  protein  by  16  h  post-treatment  (Fig.  IB).  Proteolysis  of  the 
1 13  kDa  full-length  PARP  protein  to  an  -60  kDa  cleavage  fragment  was  distinct  from  that  observed 
after  caspase  activation  (e.g.,  89  and  24  kDa  fragments)  and  occurred  at  the  same  time  p53  was  cleaved 
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to  a  characteristic  calpain  cleavage  fragment  of  ~40  kDa  (Fig.  IB)  (34, 43, 44).  Calpain  activation  was 
assessed  using  autolysis  of  the  regulatory  (30  kDa  full-length  protein  to  an  18  kDa  fragment)  as  well  as 
the  catalytic  subunit  of  p-calpain  (80  kDa  full-length  protein  to  76  or  78  kDa  fragments)  (34,  45). 
PARP  and  p53  underwent  proteolysis  in  a  temporal  manner  corresponding  to  autolysis  of  the 
regulatory  subunit  of  calpain  and  loss  of  full-length  p-calpain  (Fig.  IB).  Calpastatin,  an  endogenous 
inhibitor  of  calpains,  was  degraded  by  8  h  post-treatment  at  the  same  time  the  small  subunit  of  calpain 
underwent  autolysis  and  full-length  p-calpain  was  cleaved  (Fig. IB),  further  implicating  calpain 
activation  in  13-lap-induced  apoptosis.  Apoptotic  and  calpain  substrate  proteolysis  were  observed  at  the 
same  time  >50%  of  cells  exposed  to  13-lap  exhibited  apoptosis  (8  h),  as  determined  by  DNA 
fragmentation  measured  by  the  TUNEL  assay  (Fig.  1A).  The  other  ubiquitously  expressed  form  of 


Figure  1.  p-Calpain  activation  in  (3-Lap-mediated  apoptosis.  (A)  TUNEL  assays  were  performed  to 
monitor  DNA  fragmentation  at  times  indicated  in  MCF-7  cells  after  a  4  h  pulse  of  5  pM  13- 
lap.  Results  are  graphically  summarized  as  the  average  of  at  three  independent  experiments, 
mean  +/-  S.E,  (B)  Apoptotic  proteolysis  was  measured  in  MCF-7  cells  exposed  to  a  4  h 
pulse  of  5  pM  (3-lap,  under  identical  conditions  described  in  1  A.  Whole  cell  extracts  were 
prepared  at  the  indicated  times  and  analyzed  using  standard  Western  blotting  techniques  with 
antibodies  to  PARP,  p53,  the  small  subunit  of  calpains,  m-calpain,  p-calpain,  calpastatin,  and 
cyclin  D1 .  Shown  is  a  representative  Western  blot  of  whole  cell  extracts  from  experiments 
performed  at  least  three  times. 
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calpain,  m-calpain,  was  not  lost  (80  kDa)  nor  cleaved  to  a  fragment  (76  kDa)  indicative  of  activation. 
These  data  indicate  that  m-calpain  was  not  activated  in  NQOl -expressing  cells  after  b-lap  exposures 
(Fig.  IB).  Similarly,  cyclin  D1  levels  remained  unchanged  in  b-lap-treated  MCF-7  cells,  as  previously 
described  (40).  Consistent  with  previous  results,  neither  p-calpain  activation  nor  cell  death  (loss  of 
survival)  occurred  in  NQOl -deficient  cells  following  a  4  h,  8  mM  13-lap  exposure  (data  not  shown,  ref. 
(39)). 

p-Calpain  activation  occurred 
independent  of  caspases,  in  NQOl- 
expressing  breast  cancer  cells  after  fi- 
lap  exposure-  Caspase  activation  was 
assessed,  as  previously  described, 
using  SDS-PAGE  western  immunoblot 
analyses  via  the  formation  of  the  active 
fragment  from  the  full-length  pro¬ 
enzyme  (Table  1)  (46).  Since  MCF-7 
cells  lack  caspase  3,  caspase  3- 
containing  MDA-468  cells  transfected 
with  NQOl  to  sensitize  them  to  b-lap 
were  used,  as  described.  A  nominal 
level  of  apoptosis  (-15%)  was 
observed  6  h  after  exposure  to  8  pM  13- 
lap  (for  4  h)  as  described,  increasing  to 
-38%  by  8  h,  and  -65%  by  10  h  (Fig. 

2A).  By  24  h,  >80%  apoptotic  cells 
were  noted  (Fig.  2A).  Furthermore, 

MDA-468-NQ3  cells  elicited  the  same 
apoptotic  proteolysis  as  MCF-7  cells, 
but  at  a  later  time,  10  h  vs.  8  h  in 
MCF-7  cells  (Fig.  2B  and  IB, 
respectively  and  data  not  shown). 

Lamin  B,  as  well  as  p53,  cleavages 
were  observed  10  h  after  13-lap 
treatment  (Fig.  2B).  Autolysis  (i.e., 
activation)  of  p-calpain  corresponded 
in  a  temporal  fashion  to  proteolysis 
(Fig.  2B),  as  well  as  to  the  level  of 
apoptosis:  at  10  h  >  60%  of  the  cells 
were  apoptotic  when  p-calpain 
activation  and  substrate  proteolysis 
were  observed  (Fig.  2A).  It  was 
interesting  to  note  that  lamin  B  and 
p53  proteolysis  occurred  concurrent 
with  p-calpain  activation  in  Fig. 2  B, 
further  suggesting  that  the  apoptotic 
proteolysis  observed  in  cells  after 
exposure  to  13-lap  was  indeed  due  to 


Figure  2. .  p-Calpain  activation,  but  not  caspase  activation, 
during  ^-Lap-mediated  apoptosis  in  NQOl -expressing 
MDA-468-NQ3  cells.  (A3  TUNEL  assays  were 
performed  to  monitor  DNA  fragmentation  in  MDA-468- 
NQ3  cells  at  the  times  indicated  after  a  4  h  pulse  of  8 
[xM  (3-lap.  Results  are  graphically  summarized  as  the 
average  of  at  three  independent  experiments,  mean  +/- 
S.E.  (B)  Apoptotic  proteolysis  was  measured  in  MDA- 
468-NQ3  cells  exposed  to  a  4  h  pulse  of  8  pM  |3-lap. 
Whole  cell  extracts  were  prepared  at  the  indicated  times 
and  analyzed  using  standard  Western  blotting 
techniques  using  antibodies  to  lamin  B,  p53,  the  small 
subunit  of  calpains,  p-calpain  and  actin.  Shown  is  a 
representative  Western  blot  of  whole  cell  extracts  from 
experiments  performed  at  least  three  times. 


8  |aM  [3-La  p 


53  kDa 
-40kDa 
30  kDa 
18  kDa 

80  kDa 
76  kDa 
43  kDa 


Time  (h) 
Lamin  B 

pS3 

Srrx.  Subunit 
Calpain 

jx-Calpain 

Actin 


12 


Wagner  MW/Tagliarino  C 

fi-calpain  activation:  lamin  B  and  p53  proteolysis  were  diminished  concurrently  with  decreased  p- 
calpain  activation  at  12  h.  The  inactivation  of  p-  - — — 


calpain  at  12  h  was  not  observed  in  all  Table  1.  Exposure  of  MCF-7  human  breast  cancer 

experiments,  but  the  absence  of  proteolytic  cells  to  13-lap  does  not  lead  to  the  activation  of 

cleavages  at  12  h  in  this  experiment  further  caspases. 

supports  the  role  of  p-calpain  in  substrate  Tab,cl 

cleavages  in  these  cells  in  response  to  13-lap. 

We  then  examined  activation  of  known  pr«tw»se  sts  tpt  p-i.ap 

apoptotic  caspases  in  MDA-468-NQ3  cells  8-24  h  H-caipain  -  -  + 

following  a  4  h  pulse  of  8  mM  b-lap.  Known  m-oupaiji  ^  ^ 

apoptotic-inducing  agents,  topotecan  (TPT)  and  cllllll  l  + 

staurosporine  (STS),  were  used  as  positive  c««pase7  +  + 

controls  for  caspase  activation.  None  of  the  casp««»  +  + 

caspases  examined  (3,  6,  7,  8,  9,  10,  and  12),  nor  c«sj.««io  +  + 

p-calpain,  were  activated  in  MDA-468-NQ3  cells  _ 

following  13-lap  treatment  (Table  1).  In  contrast,  _ ’  _ _ 

Figure  3.  Purified  u-cabain  cleaved  PARP  to  the  same  fragment  size  as  did  NOOl -expressing  breast  cancer  cells  exposed  to  3- 
lap.  PARP  protein  was  translated  using  an  in  vitro  transcription  and  translation  TNT-coupled  Reticulocyte  Lysate 
system.  35S-methionine-labeled  protein  was  incubated  with  100  pM  CaC^,  and  either  0.05  U  of  recombinant  human 
erythrocyte  p-calpain,  20  U  of  recombinant  caspase  3,  or  30  pg  of  cell  lysate,  unless  otherwise  indicated.  The  reaction 
mix  was  incubated  at  37  °C  for  1  h.  (A)  MCF-7  cells  were  treated  for  4  h  with  5  pM  |3-lap,  25  pM  menadione,  or  10  pM 
ionomycin,  and  harvested  at  8  h,  unless  otherwise  indicated.  (B)  MDA-468-NQ3  cells  were  treated  for  4  h  with  8  pM  13- 
lap,  25  pM  menadione,  or  10  pM  ionomycin,  and  harvested  at  10  h  post-treatment,  unless  otherwise  indicated.  Sample 
proteins  were  separated  on  a  9%  SDS-PAGE  gel  and  35S-met-PARP  was  visualized  via  autoradiography. 


Protease 

STS 

TPT 

JJL-Calpitiil 

- 

- 

m-Calpalu 

- 

- 

Caspase  3 

4- 

■4 

Caspase  6 

- 

4 

Caspase  7 

4 

4 

Caspase  $ 

+ 

4 

Caspase  9 

4 

4 

Caspase  10 

4- 

4 

Caspase  15 

- 

- 

MCF-7  cdl  extracts 


.  Ca 

s  & 

a  a 


1X3  kDa 
89  kDa 

~<»0  kDa 


113  kDa 
89  kDa 
~<SO  kDa 


ii  o 

ca 

o  JS 

i  a 


P-Lap  extract  (|Xg) 


P-Lap  (h) 


2 

3 

4  5  6  7  S  9  10 

11 

12 

13 

|  MDA-468-N Q3  cell  extracts 

a 

p-Lap  extract  (jxg)  p-Lap 

00 

a> 

_  S 

<i> 

C3 

& 

a 

”c3 

a 

A- 

O 

c/a 

O.S  5  lO  30  §  4  S 

lO 

o* 

8 

S 

& 

§ 

t<=> 

10  11 


12  13  14 


Wagner  MW/Tagliarino  C 

p-calpain  was  cleaved  to  its  active  form  following  6-lap  exposures  (Fig  2B  and  Table  1).  Additionally, 
the  proteolytic  events  (lamin  B,  PARP  and  p53  cleavage  events)  observed  after  6-lap  treatment  were 
not  blocked  by  pan-caspase  peptide  inhibitors,  zVAD,  DEVD,  or  YVAD  (Refs.  (38,  39)  and  data  not 
shown).  Thus,  p-calpain,  but  not  caspase,  activation  was  the  predominant  event  in  NQOl -expressing 
breast  cancer  cells  after  6-lap  treatment. 

Purified  p-calpain  elicited  the  same  PARP  cleavage  fragment  as  noted  in  NQOl-expressing  breast 
cancer  cells  exposed  tojl-lap-  It  was  previously  reported  that  p-calpain  could  cleave  PARP  yielding  an 
~40  kDa  fragment  in  vivo  in  SH-SY 5  Y  human  neuroblastoma  cells  during  maitotoxin- induced  necrosis 
(47,  48),  or  when  using  purified  p-calpain  isolated  from  calf  thymus  yielding  ~42  kDa,  55  kDa  and  67 
kDa  cleavage  fragments  (49).  However,  the  proteolysis  of  PARP  was  not  reported  to  be  accompanied 
by  p53  cleavage  nor  apoptosis,  nor  was  it  identical  to  proteolysis  observed  in  NQOl-expressing  cells 
after  6-lap  exposure  (~60  kDa)  (39).  To  directly  observe  6-lap-mediated  activated  p-calpain  activity 
from  treated  cells  using  PARP  as  a  substrate,  35S-methionine-labeled  PARP  was  generated  by  coupled 
in  vitro  transcription  and  translation  of  full-length  human  PARP  cDNA,  and  then  incubated  with 
various  cell  extracts  or  purified  enzymes.  Using  this  in  vitro  cleavage  assay,  we  examined  whether 
purified  (i-calpain  could  cleave  in  vitro  transcribed/translated  35S-met-PARP  to  similar  polypeptide 
fragments  as  observed  in  NQOl-expressing  breast  cancer  cells  exposed  to  6-lap.  Log-phase  MCF-7  or 
MDA-468-NQ3  cells  were  treated  with  6-lap  for  4  h  and  harvested  at  8  or  10  h,  respectively 
(corresponding  to  Western  blot  analyses  of  p-calpain  activation  and  proteolysis  after  exposure  to  6-lap, 
Fig.  IB  and  2B),  to  assess  enzymatic  activity  using  35S-met-PARP.  Cell  extracts  or  purified  enzyme 
(p-calpain  or  caspase  3,  used  as  controls)  were  incubated  with  35S-met-PARP  for  1  h  at  37  °C.  Caspase 
3  cleaved  PARP  to  the  expected  89  and  24  kDa  fragments  (Figs.  3A-B,  lane  2  and  data  not  shown). 
Purified  p-calpain  cleaved  PARP  to  ~60  kDa  and  ~50  kDa  fragments  (Figs.  3  A-B,  lane  3  and  data  not 
shown).  The  PARP  cleavage  fragment  observed  after  6-lap-treated  cell  extracts  were  incubated  with 
35S-met-PARP  were  the  same  as  that  elicited  by  recombinant  p-calpain  (Figs.  3A,  lanes  3  and  6-8,  1 1- 
12  and  3B,  lanes  3  and  4-7  and  1 1).  This  was  most  apparent  when  35S-met  PARP  substrate  was  cleaved 
by  purified  p-calpain  and  analyzed  with  6-lap-treated  cell  extracts  on  the  same  gel  (Fig.  3B  lanes  3-7). 
6-Lap-treated  cell  extracts  cleaved  PARP  in  a  protein  concentration-dependent  (Fig.  3A  lanes  5-8  and 
Fig.  3B  lanes  4-7)  and  time-dependent  (Fig.  3A  lanes  10-12  and  Fig.  3B  lanes  9-11)  manner,  further 
implicating  p-calpain  activation  in  6-lap-induced  apoptosis.  DMSO-treated  cell  extracts  did  not  exhibit 
any  cleavage  of  PARP  in  this  assay  (Figs.  3 A  lane  4  and  lane  8).  Proteolytic  activity  in  cell  extracts 
(control  or  6-lap-treated  conditions)  could  not  be  stimulated  by  addition  of  100  pM  Ca2+  alone, 
suggesting  that  the  enzymatic  activity  was  inherent  to  the  6-lap-treated  extract  upon  harvest  (data  not 
shown). 

To  further  support  the  role  of  p-calpain  in  6-lap-induced  apoptosis,  menadione-treated  cells,  the 
only  other  known  agent  to  stimulate  a  similar  cell  death  pathway  as  6-lap,  were  also  examined.  In 
contrast  to  extracts  from  untreated  cells,  extracts  from  menadione-exposed  cells  elicited  cleavage  of 
35S-met-PARP  resulting  in  fragments  similar  to  those  generated  by  purified  m-calpain  or  b-lap-treated 
cell  extracts  (~60  kDa)  (Figs.  3A,  lanes  3,  6-8  and  11-13  and  Fig.  3B,  lanes  3,  4-7,  and  11-12). 
Ionomycin  is  a  calcium  ionophore  reported  to  activate  p-calpain  (50-53).  Ionomycin-treated  MDA- 
468-NQ3  cell  extracts  also  elicited  the  same  PARP  cleavage  pattern  (Fig.  3B,  lanes  13-14),  as  did  p- 
calpain,  menadione,  and  6-lap-exposed  cell  extracts  (Fig,  3B,  lanes  3,  12,  and  4-7  and  11). 
Interestingly,  ionomycin  did  not  elicit  PARP  cleavage  in  MCF-7  cells  (Fig.  3A,  lane  14). 

Calpastatin,  a  modulator  of  fi-lap-mediated  apoptosis  involving  calpain  activation-  We  noted  that 
MDA-468-NQ3  cells  expressed  higher  levels  of  endogenous  calpastatin  than  MCF-7  cells  (Fig.  4B). 
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Figure  4.  Calpastatin  inhibits  or  delays  substrate  proteolysis,  apoptosis  and  survival  after  exposure  to  P-lap.  (A)  35S- 

methionine-labeled  protein  was  incubated  with  0.05  U  recombinant  p-calpain,  20  U  recombinant  caspase  3,  or  30 
pg  cell  lysate.  MCF-7  cells  were  treated  for  4  h  with  5  pM  (Map  or  continuously  with  1  pM  STS  and  where 
indicated,  with  a  calpastatin  peptide  inhibitor,  and  harvested  at  8  h.  Samples  were  run  on  a  9%  SDS-PAGE  gel  and 
35S-met-PARP  was  visualized  via  autoradiography.  Shown  is  a  representative  experiment  from  experiments 
performed  at  least  twice.  (B)  Whole  cell  extracts  were  collected  and  Western  blot  analyses  performed  using  a 
calpastatin  primary  antibody  to  determine  relative  calpastatin  levels  in  MCF-7,  MDA-468-NQ3,  and  MCF-7  cells 
stably-expressing  full-length  calpastatin.  (C)  Cells  were  seeded  into  60-mm  dishes  (2000  cells/dish  in  duplicate) 
and  allowed  to  attach  overnight.  Cells  were  then  exposed  to  a  4  h  pulse  of  p-lap.  Medium  was  removed,  fresh 
medium  was  added,  and  cells  were  allowed  to  grow  for  7  days.  Plates  were  then  washed  and  stained  with  crystal 
violet  in  50%  methanol.  Colonies  of  >50  normal-appearing  cells  were  then  counted.  Results  were  graphically 
summarized  as  the  average  of  at  two  independent  experiments  performed  in  duplicate,  mean  +/-  S.E.  Student’s  t 
test  for  paired  samples,  experimental  group  compared  to  MCF-7  cells  treated  with  (Map  were  indicated  (*> 

/K0.01).  (D)  At  times  indicated,  TUNEL  assays  were  performed  to  monitor  apoptotic  DNA  fragmentation  in  cells 
after  a  4  h  pulse  of  5  pM  P-lap,  or  24  h  after  1  pM  STS  continuous  treatment.  Results  were  graphically 
summarized  as  the  average  of  at  two  independent  experiments,  mean  +/-  S.E.  Student’s  t  test  for  paired  samples, 
experimental  group  compared  to  MCF-7  cells  treated  with  P-lap  were  indicated  (*,/?<0.1  and  **,  /?<0.05).  (E) 
Apoptotic  proteolysis  was  measured  in  the  various  cell  lines  exposed  to  a  4  h  pulse  of  5  pM  p-lap,  or  continuous 
exposure  of  1  pM  STS  (harvested  at  24  h).  Whole  cell  extracts  were  prepared  at  the  indicated  times  and  analyzed 
using  standard  Western  blotting  techniques  with  antibodies  to  PARP  and  the  small  subunit  of  calpains.  Shown  is  a 
representative  Western  blot  of  whole  cell  extracts  from  experiments  performed  at  least  three  times  with  Ponseau  S 
staining  of  the  membrane  for  protein  loading.  NS-  nonspecific  protein  banding. 
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We  hypothesized  that  levels  of  this  endogenous  calpain  inhibitor  may  explain  the  slower  responses  of 
MDA-468-NQ3  cells  (in  terms  of  substrate  proteolysis  and  apoptosis)  compared  to  MCF-7  cells  that 
contained  far  less  calpastatin  (10  h  vs.  8  hr,  Figs.  1  and  2),  In  addition,  the  aforementioned  data 
suggested  a  correlation  between  PARP  and  p53  cleavage  with  m-calpain  activation.  To  further 
investigate  whether  calpain  was  indeed  involved  in  apoptotic  substrate  proteolysis  after  b-lap- 
exposure,  we  examined  the  effects  of  a  calpastatin  peptide  containing  the  inhibitory  sequence  of 
calpastatin,  as  well  as  stable  over-expression  of  calpastatin  in  MCF-7  cells.  Calpastatin  is  a  specific 
endogenous  inhibitor  of  calpains,  and  does  not  inhibit  other  proteases  (e.g.,  cathepsins,  caspases).(54, 
55)  A  calpastatin  peptide  consisting  of  the  sequence  of  a  domain  of  the  calpastatin  protein  that  can 
inhibit  1  mole  of  calpain  per  domain  sequence  was  used  (Fig.  4A);  calpastatin  contains  four  inhibitory 
domains  and  thus  is  able  to  inhibit  4  moles  of  calpain  per  mole  of  calpastatin  (Fig.  4A)  (56-60).  In  the 
in  vitro  cleavage  assay,  the  calpastatin  peptide  inhibitor  (CN)  blocked  purified  p-calpain-mediated  35S- 
met-PARP  cleavage,  but  not  caspase  3-mediated  35S-met-PARP  cleavage  (Fig.  4A,  lanes  2-5).  The  CN 
peptide  alone  did  not  have  any  affect  on  the  integrity  of  the  35S-met  PARP  substrate  (data  not  shown). 
DMSO-treated  cell  extracts  also  did  not  exhibit  any  PARP  cleavage  activity  (Fig.  4  A  lane  6).  Cell 
extracts  generated  from  MCF-7  cells  treated  with  a  4  h  pulse  of  5  pM  13-lap  and  extracted  4  h  post¬ 
treatment  elicited  PARP  cleavage  activity  yielding  an  ~60  kDa  fragment  (Fig.  4A  lane  7).  In  contrast, 
13-lap-exposed  MCF-7  cell  extracts  co-incubated  with  increasing  concentrations  of  the  CN  peptide, 
exhibited  a  decreased  amount  of  the  PARP  cleavage  fragment  in  a  concentration-dependent  manner  (0- 
25  mM  CN  peptide)  (Fig.  4A  lanes  8-10)  compared  to  13-lap-exposed  cell  extracts  containing  no 
peptide  treatment  (lane  7).  Thus,  35S-met-PARP  cleavage,  mediated  by  13-lap  treated  cell  extracts,  was 
inhibited  in  a  concentration-dependent  manner  by  the  calpastatin  inhibitory  peptide  (Fig.  4A,  lanes  8- 
10).  Furthermore,  in  Western  blot  analyses  8  h  after  13-lap  exposure,  the  calpastatin  peptide  inhibitor 
slightly  diminished  PARP  cleavage  and  loss  of  the  small  subunit  of  p-calpain  in  a  dose-dependent . 
manner.  Interestingly,  the  peptide  had  a  greater  effect  on  the  enzymatic  activity  in  menadione-treated 
cells  (data  not  shown). 

To  further  support  the  role  of  p-calpain  activation  in  13-lap-induced  apoptosis,  MCF-7  cells 
were  transfected  with  calpastatin  and  clones  selected  by  limiting  dilution  cloning  (Figs.  4  B-E).  Two 
clones  with  varying  levels  of  calpastatin,  MCF-7  CN1  (CN1)  and  MCF-7  CN2  (CN2),  were  selected 
for  subsequent  analyses.  The  two  MCF-7  calpastatin  clones  selected  expressed  intermediate  levels  of 
calpastatin,  compared  to  MCF-7  or  MDA-468-NQ3  cells  (Fig.  4B).  CN1  cells  expressed  higher  levels 
of  calpastatin  than  MCF-7  or  CN2  cells,  but  less  than  MDA-468-NQ3  cells  (Fig.  4B).  CN2  cells 
expressed  a  much  lower  level  of  calpastatin  than  CN1,  but  a  higher  level  than  MCF-7  cells  (Fig.  4B). 
The  molecular  weight  difference  between  endogenous  and  exogenous  calpastatin  in  the  MCF-7  clones 
compared  to  MCF-7  parental  cells  is  presumably  due  to  the  lack  of  exon  1  in  exogenous  calpastatin 
(sequence  analysis).  Exon  1  encodes  part  of  domain  L  of  calpastatin;  the  function  of  domain  L 
remains  unknown  and  alternative  first  exons  have  been  shown  to  lead  to  four  calpastatin  isoforms  with 
distinct  amino-terminal  sequences  resulting  in  protein  sizes  ranging  from  60-120  kDa  via  western  blot 
analyses.(61)  It  is  important  to  note  that  endogenous  calpastatin  was  detected  at  the  higher  molecular 
weight  in  these  clones  (Fig.  4B).  Calpastatin  contains  four  repetitive  and  homologous  domains  (not 
encoded  by  exon  1)  that  each  inhibits  both  p-  and  m-calpain;  each  domain  is  a  functioning  unit  of 
calpastatin  and  can  bind  one  p-calpain  molecule  and  inhibit  its  activity  (56,  58,  62).  Other  inhibitors 
have  been  used  to  inhibit  calpain  activity,  however,  these  inhibitors  are  less  useful  due  to  their  poor 
solubilities,  intracellular  uptake,  and  non-specific  ability  to  inhibit  other  proteases  and/or  the 
proteosome  (e.g.,  cathepsins  B  and  L,  papains,  etc.)  (63-66).  Log-phase  MCF-7,  MDA-468-NQ3,  CN1 
and  CN2  cells  were  treated  for  4  h  with  1.5  mM  or  3  mM  13-lap,  at  which  time  fresh  medium  was 
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added.  Clonogenic  survival  was  determined  seven  days  later.  At  1.5  raM  6-lap,  increasing  survival 
after  B-lap  exposure  correlated  with  the  level  of  calpastatin  expressed  in  each  cell  line;  MCF-7  cells 
(low  calpastatin)  exhibited  -30%  survival,  CN2  cells  (intermediate  calpastatin)  exhibited  -60% 
survival,  and  CN1  cells  (high  calpastatin)  exhibited  -100%  survival  (Fig.  4C).  At  3  mM  B-lap,  no 
difference  in  survival  was  observed  indicating  that  the  inhibitory  affects  of  calpastatin  could  be 
overcome  with  higher  drug  concentrations  (Fig.  4C);  binding  of  calpains  to  calpastatin  is  reversible 
and  does  not  result  in  any  lingering  loss  of  calpain  activity.(67)  To  examine  proteolysis  during  b-lap- 
mediated  cell  death  in  CN1  and  CN2  cell  clones,  cells  were  harvested  at  the  indicated  times  for 
Western  blot  and  apoptosis  analyses.  MCF-7  cells  expressed  low  levels  of  calpastatin  and  exhibited 
-50%  apoptosis  at  8  h,  increasing  to  >90%  cells  staining  TUNEL  positive  at  24  h.  In  contrast,  6-lap- 
treated  CN1  and  CN2  cells  that  possessed  higher  levels  of  calpastatin  exhibited  less  apoptosis  than 
MCF-7  cells  at  8,  10  and  12  h  after  5  mM  B-lap  exposures  (Fig.  4D).  At  24  h,  no  difference  was 
observed  between  the  cell  lines,  indicating  that  the  inhibitory  affects  of  calpastatin  could  be  overcome 
with  time  following  a  4h,  5  mM  B-lap  exposure  (Fig.  4D),  and  corresponding  to  cell  survival  data  at  3 
mM  (Fig.  4C).  Specific  proteolytic  events  in  cells  with  varied  calpastatin  levels  were  then  examined 
following  fi-lap  exposure.  B-Lap-exposed  MCF-7  cells  expressed  low  levels  of  calpastatin  and 
exhibited  apoptotic-substrate  proteolysis,  specifically  PARP  cleavage  to  a  distinct  —60  kDa  fragment  at 
8  h,  with  complete  loss  of  full-length  protein  by  16  h  (Fig.  IB).  In  contrast,  B-lap-treated  MDA-468- 
NQ3  cells  that  possessed  higher  levels  of  calpastatin,  exhibited  apoptotic-substrate  proteolysis  at  10  h 
(Fig  2B).  Loss  of  PARP  protein  also  corresponded  with  cleavage  of  both  the  small  subunit  of  calpains 
and  p-calpain  (Fig.  IB  and  2B  and  data  not  shown),  indicative  of  p-calpain  activation  (34,  45).  In 
MCF-7  clones  stably  expressing  calpastatin,  b-lap-induced  apoptosis  and  calpastatin  levels  were 
inversely  correlated  (Fig.  4D  and  E).  CN2  cells  expressed  low  levels  of  calpastatin  and  exhibited  a 
similar  time-course  of  PARP  and  small  subunit  of  calpain  proteolysis  at  8  h,  as  that  demonstrated  in 
MCF-7  cells  (Fig.  4E).  In  contrast,  CN1  cells  that  expressed  high  levels  of  calpastatin  showed  a  more 
delayed  time-course  of  proteolysis  following  b-lap  exposure  similar  to  that  of  MDA-468-NQ3  cells; 
PARP  cleavage  occurred  at  10-12  h  (Fig.  4E).  Furthermore,  the  small  subunit  of  calpain  was  lost 
much  earlier  in  CN1  cells  than  in  MDA-468-NQ3  cells,  but  later  than  MCF-7  or  CN2  cells  (Fig.  4E, 
IB  and  2B  and  data  not  shown).  These  data  strongly  suggest  that  calpastatin  levels  can  influence  the 
responses  of  NQOl -expressing  cells  to  b-lap-induced,  m-calpain-mediated  apoptosis  and  survival. 
p-Calpain  translocated  to  the  nucleus  in  NQOl -expressing  breast  cancer  cells  after  fi-lap  exposure- 
PARP  and  p53  are  nuclear  proteins  and  m-calpain  is  reported  to  primarily  reside  in  the  cytoplasm  (68- 
70).  Confocal  microscopic  analyses  were  performed  to  examine  p-calpain  localization  after  6-lap 
treatment.  Log-phase  MCF-7  or  MDA-468-NQ3  cells  were  treated  for  4  h  with  B-lap  (5  mM  or  8  mM, 
respectively)  and  fixed  for  indirect  immuno fluorescent  staining  at  8  h  or  10  h,  unless  otherwise 
indicated.  Cells  were  stained  with  a  primary  antibody  specific  for  p-calpain  and  a  FITC-conjugated 
secondary  antibody  (green).  Slides  were  then  mounted  in  medium  containing  propidium  iodide  for 
DNA/nuclear  staining  (red).  Cells  exhibited  p-calpain  translocation  to  the  nucleus  (Fig.  5A;  p-calpain 
staining  is  green,  DNA  is  red,  and  nuclear  translocation  of  p-calpain  is  indicated  by  yellow 
fluorescence)  at  a  time  concomitant  with  p-calpain  activation  after  B-lap  treatment  (Figs.  IB  and  2B). 
In  MCF-7  cells,  p-calpain  exhibited  minimal  nuclear  translocation  at  4  h  increasing  to  almost  100% 
nuclear  translocation  by  8  h,  consistent  with  substrate  proteolysis  in  Fig. IB  (Fig.  5 A).  In  MDA-468- 
NQ3  cells,  p -calpain  did  not  exhibit  nuclear  translocation  until  10  h,  corresponding  to  substrate 
proteolysis  in  these  cells  (Figs.  5D  and  2B).  In  addition,  translocation  of  p-calpain  to  the  nucleus  was 
concomitant  with  overall  loss  of  calpastatin  immunofluorescence  and  protein  expression,  as 
determined  by  Western  blot  analyses,  after  exposure  to  B-lap  (Fig.  1  and  data  not  shown). 
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Translocation  of  p-calpain  was  NQOl -dependent,  since  it  was  prevented  by  co-administration  of  50 
pM  dicumarol  (Fig.  5B  and  D),  and  did  not  occur  in  cells  that  lacked  NQOl  enzymatic  activity  (i.e.,  in 
MDA-468  cells  not  transfected  with  NQOl  sequence  (vector  alone,  data  not  shown)). _ 

Figure  5.  p.-Calpain  translocation  to  the  nucleus  after  exposure  to  B-lap.  (A)  MCF-7  or  MDA-468-NQ3  cells  were  treated 
for  4  h  with  25  p,M  menadione,  5  fxM  or  8  (liM  piap,  respectively,  or  continuously  with  1  fxM  STS  or  3  \iM 
ionomycin.  Dicumarol  (50  pM)  was  added  concomitantly  with  P-lap  for  4  h.  MCF-7  or  MDA-468-NQ3  cells  were 
fixed  at  8  h  or  10  h,  respectively,  for  analyses.  Indirect  immunofluorescent  staining  of  fixed  cells  was  performed 
using  primary  antibodies  for  anti-p-calpain,  anti-calpastatin  and  anti-NQOl  with  secondary  FITC-anti-mouse 
antibody  (green).  Slides  were  coated  with  mounting  medium  containing  propidium  iodide  for  DNA/nuclear  staining 
(red)  and  analyzed.  Confocal  images  were  collected  using  dual  excitation  at  488  nm  and  568  nm  from  a 
krypton/argon  laser.  Nuclear  translocation  was  indicted  by  yellow  fluorescence  from  the  merging  of  red 
DNA/nuclear  staining  and  green  protein  staining. 
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Translocation  of  m-calpain  to  the  nucleus  in  NQOl -expressing,  8-lap-treated  cells,  was  a 
specific  event  that  did  not  occur  due  to  nuclear  membrane  breakdown.  Proteins  residing  in  the 
cytoplasm  (NQOl)  did  not  translocate  to  the  nucleus,  and  proteins  that  reside  in  the  nucleus 
(Ku70/Ku80)  did  not  diffuse  out  into  the  cytoplasm  at  the  times  p-calpain  was  observed  to  translocate 
to  the  nucleus  (Fig.  5C  and  data  not  shown);  Ku70/Ku80  is  a  heterodimeric  protein  required  for  non- 
homologous  DNA  double  strand  break  repair  (71).  Also,  consistent  with  Western  blot  analyses  in  Fig. 
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1,  p-calpain  immunoreactivity  did  not  change  after  exposure  of  NQOl -expressing  breast  cancer  cells 
to  B-lap  (data  not  shown),  further  implicating  p-calpain  activation  in  B-lap-induced  apoptosis. 

Other  agents  (e.g.,  menadione)  that  cause  the  same  cell  death  pathway  as  13-lap  also  induced  p- 
calpain  translocation  to  the  nucleus  at  times  concomitant  with  P ARP  and  p53  proteolysis,  while  agents 
that  elicit  caspase-mediated  cell  death  (e.g.,  staurosporine)  did  not  elicit  changes  in  p-calpain 
localization  (Fig.  5B  and  D).  Ionomycin,  a  Ca2+  ionophore,  activated  p-calpain  in  some  cells.(50-52) 
Consistent  with  these  data,  p-calpain  translocated  to  nuclei  after  treatment  with  ionomycin  in  MCF-7 
and  MDA-468-NQ3  cells  (Fig.  5B  and  D).  Translocation  of  p-calpain  after  ionomycin  was  more 
prominent  in  MDA-468-NQ3  cells  than  in  MCF-7  cells,  corresponding  to  the  ability  of  each  cell  line  to 
elicit  PARP  (Fig.  3A-B,  lane  14)  or  p53  (not  shown)  cleavage.  Menadione  elicited  a  similar  cell  death 
pathway  as  did  13-lap,  and  in  a  similar  manner  to  13-lap-exposed  cells.  For  example,  menadione-treated 
cells  caused  translocation  of  p-calpain  to  the  nucleus  at  times  concomitant  with  PARP  and  p53 
substrate  proteolysis  (Fig.  3  and  ref.  (39)).  In  contrast  to  b-lap  exposures,  there  was  no  observed 
change  in  p-calpain  localization  in  staurosporine  (STS)-exposed  MCF-7  or  MDA-468-NQ3  cells  (Fig. 
5B  and  D);  STS  is  a  protein  kinase  inhibitor  that  initiates  apoptosis  via  a  caspase-mediated  pathway 
(72).  Collectively,  these  data  implicate  p-calpain  activation  in  13-lap-mediated  apoptosis  and  p-calpain 
translocation  to  the  nucleus  upon  its  activation.  These  data  are  consistent  with  the  essential  role  of 
Ca2+  release  in  B-lap-induced  apoptosis  as  previously  demonstrated  (33,  39). 

Discussion 

We  previously  demonstrated  that  treatment  of  NQOl -expressing  breast  cancer  cells  with  B-lap 
exposure  caused  increases  in  intracellular  Ca2+  levels  that  were  critical  for  apoptosis  and  cell  death 
induced  by  8-lap  (33).  p-Calpain  is  a  Ca2+-activated  protease  implicated  in  a  number  of  apoptotic 
pathways.(51,  66,  73-75)  Our  results  indicate  that  p-calpain  is  activated  after  B-lap-induced  apoptosis 
by  cleavage  of  the  catalytic  subunit,  as  well  as  the  regulatory  subunit  of  calpains,  to  fragment  sizes 
indicative  of  calpain  activation  (Fig.  1-2).  Purified  p-calpain  was  also  able  to  cleave  in  vitro  35S-met- 
PARP  to  the  same  fragment  size  as  observed  in  B-lap-treated  MCF-7  or  MDA-468-NQ3  cell  extracts 
(Fig.  3).  Furthermore,  extracts  from  b-lap-treated  MCF-7  cells  were  also  able  to  cleave  35S-met  PARP 
to  the  same  cleavage  fragments  as  observed  with  PARP  substrate  incubated  with  purified  calf  thymus 
p-calpain.  Finally,  cleavage  of  p53  in  B-lap-exposed  cells  to  fragments  indicative  of  p-calpain 
activation  further  suggests  p-calpain  activation  in  these  cells.(34, 43) 

We  used  calpastatin,  the  specific  endogenous  inhibitor  of  p-calpains,  to  assay  calpain’s  role  in 
B-lap-mediated  apoptosis.  Since  many  calpain  inhibitors  used  in  earlier  work  can  also  inhibit  the 
proteosome,  cathepsins,  other  cysteine  proteases,  or  inhibit  entirely  different  enzymes  (for  example,  a 
protein  tyrosine  phosphatase),  the  use  of  exogenous  calpastatin  expression  to  delay/inhibit  B-lap- 
mediated  apoptosis  has  significant  advantages  over  the  exclusive  use  of  inhibitors.  A  peptide 
comprised  of  the  inhibitory  domain  of  calpastatin  was  able  to  block  purified  p-calpain-mediated,  as 
well  as  the  activity  of  B-lap-treated  cell  extracts  to  cleave  PARP  both  in  vitro  and  in  vivo  (Fig.  4  and 
data  not  shown).  Furthermore,  stable  over-expression  of  the  calpastatin  protein  in  MCF-7  cells,  which 
possess  low  levels  of  calpastatin  compared  to  MDA-MB-468  cells,  delayed  B-lap-mediated  apoptotic 
events  and  protected  against  cell  death  at  1.5  mM  6-lap  in  clonogenic  assays  (Fig.  4C). 

p-Calpain  has  two  distinct  sites  for  association  with  calpastatin,  one  at  the  active  site  and 
another  at  the  EF-hand  domain  (45);  it  is  believed  that  calpain  interacts  with  substrates  through  these 
same  two  sites.  Binding  of  p-calpains  to  calpastatin  is  reversible  and  does  not  result  in  irreversible 
loss  of  p-calpain  activity  (67).  Therefore,  the  ability  of  calpain  activation  to  overcome  the  inhibitory 
effects  of  calpastatin  was  not  surprising.  The  delay  of  p-calpain  activation  observed  in  cells  over- 
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expressing  calpastatin  after  8-lap  exposure  could  be  due  to  the  dissociation  of  calpastatin,  or  the 
eventual  degradation  of  calpastatin  by  initial  minimal  p-calpain  activation,  thus  explaining  the  rather 
moderate  survival  and  apoptotic  inhibition  caused  by  this  exogenous  natural  inhibitor.  The 
degradation  of  calpastatin  after  calpain  activation  is  supported  by  the  loss  of  calpastatin  protein 
observed  in  Western  blot  as  well  as  confocal  analyses  (Fig.  IB  and  data  not  shown).  It  is  also  possible 
that  calpastatin  has  a  lower  affinity  for  p-calpain  than  for  calpain  substrates.  These  data  suggest  a  role 
for  calpain  in  the  effector  phase  of  the  apoptotic  pathway  induced  by  B-lap. 

The  role  of  calpains  in  apoptosis  has  been  widely  discussed,  but  their  patterns  of  activation  are 
not  well  characterized  (51,  74,  76).  Thus,  elucidation  of  p-calpain  activation  after  exposure  of  NQOl  - 
expressing  breast  cancer  cells  to  8-lap,  and  the  potential  role  of  caspases  in  regulating  8-lap-mediated 
apoptosis  was  critical  to  evaluate.  p-Calpain  was  activated  in  a  temporal  manner  corresponding  to 
proteolytic  cleavage  events,  apoptosis,  and  its  apparent  translocation  to  the  nucleus  from  the  cytoplasm 
(Figs.  1-5).  Known  apoptotic  caspases  (3,  6,  7,  8,  9,  10  and  12)  were  not  activated  after  treatment  of 
NQOl -expressing  cells  with  B-lap,  suggesting  a  role  for  p-calpain  in  this  apoptotic  response 
independent  of  caspase  activation  (Table  1).  Other  caspases  (1,  4,  5,  1 1  and  13)  were  not  assayed  for 
activation  after  b-lap  exposures  because  they  are  not  associated  with  most  apoptotic  pathways,  but 
rather,  are  implicated  in  inflammation  processes  (77-79).  Killer/DR5,  a  death-domain  containing  pro- 
apoptotic  receptor,  mRNA  was  reported  to  be  up-regulated  after  B-lap-exposures  in  colon  cancer  cell 
lines,  however,  neither  downstream  receptor  activation  nor  caspase  activation  were  assayed  in  these 
cells  (80).  Since  caspases  8  and  10  are  important  for  receptor-mediated  apoptosis,  through  their 
association  with  death  domains  (e.g.,  FADD  (81)),  and  neither  caspase  was  activated  after  8-lap 
exposures  in  MDA-468-NQ3  cells  (Table  1),  our  data  would  strongly  suggest  that  receptor-mediated 
pathways  are  not  involved  in  8-lap-induced  apoptosis.  Furthermore,  pan-caspase  inhibitors  did  not 
prevent  apoptotic  proteolytic  substrate  cleavages,  nor  cell  death  induced  by  8-lap  (38,  82).  In  contrast, 
Ca2+  chelators  and  calpastatin,  the  endogenous  inhibitor  of  p-calpains,  did  prevent  and/or  delay 
proteolytic  cleavage  events,  as  well  as  apoptosis  induced  by  8-lap  (refs.  (33,  39)  and  Fig.  4),  further 
implicating  a  role  for  calpains  in  apoptosis  independent  of  caspase  activation.  Together  with  the  rather 
dramatic  loss  of  ATP  in  6-lap-exposed  cells  (33),  these  data  strongly  suggest  that  caspases  are  not 
involved  in  cell  death  induced  by  this  cytotoxic  agent. 

Determining  whether  caspases  were  involved  in  6-lap  induced  apoptosis  was  essential  since 
caspases  are  known  to  be  involved  in  a  number  of  the  classic  apoptotic  pathways  discussed  (83-86).  In 
addition,  p-calpain  activation  in  apoptosis  is  usually  linked  upstream  or  downstream  of  caspase 
activation,  or  in  a  parallel  pathway  alongside  caspase  activation  (87-89).  In  studies  described  above, 
we  demonstrated  that  calpains  were  activated  in  human  breast  cancer  cells  during  b-lap-mediated 
apoptosis,  while  caspase  activation  was  not  apparent  (Fig.  1-4,  Table  1).  In  addition,  caspase  inhibitors 
did  not  have  any  effect  on  the  apoptotic  morphology  or  survival  of  NQOl -expressing  cells  exposed  to 
8-lap  (38,  39).  This  may  suggest  a  redundancy  of  apoptotic  proteases,  as  well  as  a  novel  proteolytic 
pathway  for  calpains.  Furthermore,  although  p-calpain  is  activated,  this  protease  may  either  be  one  of 
a  family  of  proteases  activated  in  response  to  b-lap,  or  simply  represent  a  mechanism  for  eliminating 
badly  damaged  cells.  This  conclusion  is  supported  by  the  fact  that  p-calpain  inhibitors  (chemicals  or 
endogenous  calpastatin  expression)  only  slightly  delayed  apoptotic  responses  triggered  by  8-lap. 

Endonuclease  activation  is  a  critical  step  in  the  apoptotic  pathway  culminating  in  DNA 
fragmentation.  Many  DNases  are  known  to  exist,  some  of  which  are  involved  in  apoptosis,  consisting 
of  Ca2+/Mg2+-dependent  endonucleases  (e.g.,  DNase  I,  DNase  gamma),  Mg2+-dependent  endonucleases 
(CAD/DFF40),  and  the  cation-independent  endonucleases  (DNase  II)  (90).  Caspase  3  usually  mediates 
cleavage  of  DFF45/ICAD  (a  DNase  inhibitor)  allowing  for  translocation  and  activation  of 
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DFF40/CAD  that  mediates  DNA  fragmentation  (91).  Since  caspases  were  not  activated  in  b-lap- 
mediated  apoptosis  and  DNA  fragmentation  was  observed  via  the  TUNEL  assay  (Fig.  1-4  and  Table 
1),  three  potential  pathways  for  endonuclease  activation  in  13-lap-mediated  apoptosis  are  possible:  (1) 
Calpains  directly  activate  an  endonuclease,  (2)  Calpains  activate  another  protease  that  then  activates  an 
endonuclease,  or  (3)  Calpains  are  not  involved  in  endonuclease  activation,  and  Ca2+  alone  may  activate 
an  endonuclease.  In  some  apoptotic  pathways,  calpain  inhibitors  blocked  all  aspects  of  apoptosis, 
including  DNA  fragmentation  (51,  73).  These  data  imply  that  p-calpain  activation  led  to  endonuclease 
activation  either  directly,  or  indirectly,  and  it  is  unclear  whether  this  is  through  activation  of  a  caspase, 
another  protease,  or  directly  by  calpains.  Our  data  suggest  that  either  p-calpain  directly  activates  an 
endonuclease  or  that  calpain  activates  another  protease  (independent  of  caspases)  that  then  activates  an 
endonuclease,  since  calpastatin  over-expression  can  delay  the  onset  of  DNA  fragmentation  and 
calpastatin  protein  levels  were  inversely  proportional  to  the  time  and  amount  of  DNA  fragmentation 
observed  after  b-lap  exposure  (Fig.  4).  Calpastatin  should  not  affect  the  levels  of  Ca2+  in  the  cell  and 
thus  should  not  affect  endonuclease  activation  by  Ca2+  alone.  However,  although  calpastatin  is  not 
known  to  inhibit  any  other  proteases,  it  may  inhibit  another  yet  unknown  protease  that  is  involved  in 
endonuclease  activation.  We  have  preliminary  evidence  that  DFF45  was  cleaved  concomitantly  with 
PARP  and  p53  cleavages,  as  well  as  calpain  activation  in  vivo  in  MDA-468-NQ3  cells  exposed  to  8 
mM  13-lap  and  by  purified  p-calpain  in  vitro  (Tagliarino  et  al.,  unpublished  results).  These  data  would 
suggest  that  p-calpain  might  directly  activate  the  DFF40/CAD  endonuclease. 

Calpains  are  not  only  suggested  to  be  involved  in  DNA  fragmentation  (via  endonuclease 
activation),  but  are  also  effector  proteases  that  cleave  cellular  proteins  involved  in  DNA  repair  (e.g., 
PARP),  membrane  associated  proteins  (e.g.,  a-spectrin  and  actin)  and  other  homeostatic  regulatory 
proteins  (e.g.,  c-FOS,  C-JUN,  p53)  (43, 45, 48,  51,  92-95).  Calpain  substrate  cleavage  does  not  involve 
a  specific  primary  cleavage  site,  but  rather,  is  dependent  upon  the  secondary  structure  of  the  substrate, 
making  calpains  a  class  of  proteases  different  from  the  aspartate-specific  caspases  (92,  96-100).  We 
demonstrated  that  13-lap-induced  activation  of  p-calpain  in  human  breast  cancer  cells  mediated 
cleavage  of  p53  in  a  manner  similar  to  that  previously  reported  (34,  43).  Loss  of  p53  may  further 
promote  apoptosis  by  preventing  anti-apoptotic  pathways  or  cell  cycle  arrest  to  allow  for  cell  repair. 
PARP  is  a  caspase  3  substrate,  and  a  widely  used  indicator  of  apoptosis  when  cleaved  to  a 
characteristic  89  kDa  fragment  from  its  1 13  kDa  full-length  protein.  PARP  was  previously  reported  to 
be  cleaved  by  p-calpains  to  a  40  kDa  fragment  during  maitotoxin-induced  necrosis.(48)  PARP  was 
also  cleaved  by  p-calpains  purified  from  calf  thymus  to  ~42  kDa,  ~55  kDa  (doublet)  and  ~67  kDa 
(triplet)  fragments  (49).  Here,  we  show  a  novel  cleavage  of  PARP  to  an  ~60  kDa  polypeptide 
fragment,  mediated  by  p-calpain  in  13-lap-treated,  NQOl -expressing  breast  cancer  cells  during 
apoptosis  (Fig.  1-4).  In  our  hands,  purified  active  calf  thymus  p-calpain  also  cleaved  PARP  substrate 
to  an  ~60  kDa  polypeptide  fragment. 

Calpain  translocated  to  the  nucleus  upon  activation  in  fi-lap-induced  apoptosis-  Both  m-  and  p- 
calpains  are  predominantly  cytoplasmic  (70,  101-103).  However,  some  immunoreactivity  towards 
calpains  has  been  localized  at  the  cell  membrane  (104),  at  cell-substrate  attachment  plaques  in  cultured 
cells  (105),  at  the  I-band  in  muscle  cells  (106),  or  around  and  within  the  nucleus  (34,  70,  107-110). 
Calpains  can  exhibit  diffuse  cytoplasmic  staining  with  no  change  after  activation  by  certain  agents  (68, 
69).  Conversely,  p-calpains  have  also  been  shown  to  undergo  redistribution  from  the  cytosol  to  the 
plasma  membrane  upon  activation  by  other  agents  (111).  This  suggests  a  complex  activation  process 
for  calpains  that  is  agent-  and  cell  type-specific.  While  calpains  have  been  reported  to  cleave  a  number 
of  nuclear  proteins  (e.g.,  p53,  PARP)  there  is  negligible  data  that  calpains  may  be  localized  to  the 
nucleus,  and  translocation  to  the  nucleus  upon  activation  has  only  been  suggested. (34,  70) 
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Interestingly,  one  group  showed  that  p-calpain  immunoreactivity  transiently  accumulated  in  cell  nuclei 
concomitant  with  proteolysis  of  p53  in  late  Gi  phase  (112).  Mellgren  et  al.,  (109)  also  demonstrated 
nuclear  transport  of  purified  calpains  in  permeabilized  cells;  fluorescein-tagged,  (ii-calpain  was 
transported  into  nuclei  in  an  ATP-dependent  fashion  and  calpastatin  did  not  block  p-calpain 
translocation.  Here,  we  demonstrate  the  ability  of  m-calpain  to  translocate  to  the  nucleus  in  NQOl- 
expressing  breast  cancer  cells  after  exposure  to  15-lap  (Fig.  5).  p-Calpain  translocated  to  the  nucleus 
concomitant  with  its  own  activation,  apoptotic  proteolytic  cleavage  events,  and  DNA  fragmentation 
(Figs.  1-2  and  5).  This  translocation  would  allow  for  the  ability  of  calpain  to  proteolytically  cleave  the 
nuclear  substrates,  PARP  and  p53,  as  well  as  potentially  activate  an  endonuclease. 

In  conclusion,  we  demonstrated  that  p-calpain  was  activated  in  NQOl -expressing  breast  cancer 
cells  exposed  to  13-lap.  Its  activation  involved  an  apoptotic  signal  transduction  pathway  leading  to  cell 
death  independent  of  caspase  activation  and  sensitive  to  calpastatin  expression  (Figs.  1-4  and  Table  1). 
We  also  demonstrated  a  novel  translocation  of  p-calpain  to  the  nucleus  upon  its  activation  in  13-lap-  and 
menadione-  mediated  apoptosis  (Fig.  5).  However,  to  unambiguously  prove  the  essential  role  of 
calpains  in  13-lap-induced  apoptosis,  NQOl -expressing  cells  deficient  in  calpain  enzymatic  activity 
compared  with  calpain  containing  cells  after  exposure  to  13-lap  would  be  paramount.  Two  groups  have 
made  calpain  knockout  mice;  Arthur  et  al.  disrupted  murine  Capn4  (the  gene  encoding  the  regulatory 
subunit  of  calpains)  which  eliminated  both  p-  and  m-calpain  activities  (113),  and  Azam  et  al.  deleted 
Capnl  (p-calpain)  in  mice  (1 14). 

Future  Directions  (Projects  under  investigation  by  Mr.  Mark  Wagner ) 

Our  future  directions  with  13-lap  are  focused  on  the  development  of  efficacious  delivery  systems 
for  the  testing  of  the  antitumor  efficacy  of  13-lap  using  NQ01+  v.  NQOl-  human  breast  cancer 
xenografts.  We  have  developed  three  unique  delivery  methods,  including  millirods,  nanoparticles 
(which  are  both  made  from  PLGA  polymers),  and  13-hydroxylpropyl-13-cyclodextrin  (HP-13-CD) 
complexes.  Using  HP-13-CD  we  have  demonstrated  significant  antitumor  activity  against  human 
NQ01+  breast  cancer  xenografts  (Fig.  6). 
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Antitumor  efficacy  of  B-lap.  Recently,  we  observed  significant  antitumor  activity  of  B-lap  against 
NQOl -expressing  MDA-MB-468  and  MDA-MB-231  human  xenograft  tumors  grown  in  athymic  nude 
mice.  As  noted  above,  we  developed  a  new  drug  delivery  system  for  B-lap  in  vivo,  complexing  the  drug 
with  hydroxypropyl-B-cyclodextrin  (HP-B-CD).  HP-B-CD  greatly  enhanced  the  solubility  and 
bioavailability  of  B-lap  in  athymic  nude  mice.  To  investigate  the  antitumor  efficacy  of  B-lap-HP-B-CD 
complexes,  we  generated  NQOl -expressing  xenografts  in  nude  mice  from  MDA-MB-231,  as  well  as 
MDA-MB-468  breast  cancer  cells;  1  X  106  231  or  468  cells  were  injected  into  both  flanks  of  40-60 
athymic  nude  mice.  Xenografts  (~30  mm3)  formed  in  ~30  days.  Animals  were  then  treated  i.p.  with 
various  doses  (40-90  mg/kg)  B-lap-HP-B-CD  once  every  other  day  for  10  total  injections.  Significant 
antitumor  activity  was  noted  in  athymic  nude  mice  bearing  23 1  or  468  xenografts  following  treatment 
of  mice  with  60-70  mg/kg  B-lap-HP-8-CD.  The  data  are  shown  in  two  ways:  (A)  in  Figure  6, 
individual  468  tumor  volumes  for  control  and  B-lap  treatments  were  shown;  and  (B)  in  Figure  7, 
average  tumor  volumes  for  23 1  and  468  experiments  are  shown. 
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KEY  RESEARCH  ACCOMPLISHMENTS: 


We  have  accomplished  the  following  objectives  of  this  grant.  We  have  determined  that: 

-  NQ01  is  the  key  determinant  in  6-lap-mediated  lethality  (Pink  et  al.,  J.  Biol.  Chem.,  2000  and 
Planchon  et  al.,  Exp.  Cell  Res.,  2001). 

NQ01  is  elevated  in  many  human  breast  cancer  cells  and  should  be  a  useful  target  for  6-lap  and  its 
derivatives  (Planchon  et  al.,  Oncology  Reports,  1999). 

-  6-Lap  stimulated  an  unique  apoptotic  pathway,  as  measured  by  TUNEL  positive,  G0/G1  cells,  and 
specific  cleavage  of  key  apoptotic  substrates,  i.e.,  PARP,  pRb,  p53,  lamin  B  and  calpain. 
(Tagliarino  et  al.,  Cancer  Biology  and  Therapy,  2003). 

6-Lap  causes  calcium  release  from  endoplasmic  reticulum  (ER)  stores  that  is  sequestered  by 
BAPTA-AM,  which  subsequently  protects  cells  from  6-lap-induced  apoptosis  and  lethality. 

6-Lap  causes  calpain  movement  from  the  cytosol  to  the  nucleus  at  a  time  concomitant  with  APRP 
and  p53  cleavage.  Apparent  movement/activation  of  calpain  is  prevented  by  dicoumarol. 

-  Atypical  PARP  and  p53  cleavage  events  are  consistent  with  6-lap-activated  calpain-mediated 
apoptosis  as  measured  in  vivo  and  in  vitro  with  whole  cell  extract,  35S-met-labeled  PARP  cleavage 
assays. 

-  Dicoumarol  and  calcium  chelators  protected  cells  from  6-lap-mediated  apoptosis  and  activation  of 
calpain. 

-  6-Lap  undergoes  NQOl -dependent  futile  cycling  that  leads  to  calcium  release  and  loss  of  energy 
(ATP).  This  combination  is  thought  to  prevent  ATP-dependent  caspase  activation  and  supply  the 
calcium  needed  to  convert  the  inactive  calpain  zymogen  to  the  18  kDa  active  subunit.  Calcium 
release  is  responsible  for  ATP  loss,  since  BAPTA-AM  protected  cells  from  6-lap  -mediated  ATP 
loss,  as  well  as  lethality. 

-  Caspases  are  not  activated  during  NQOl -dependent  6-lap-mediated  apoptosis,  presumably  due  to 
the  dramatic  loss  of  ATP  within  the  cell. 

The  necessary  reagents,  C-  and  N-terminal  his-  and  flag-tagged  PARP,  have  been  made  and 
transfected  into  NQOl -containing  cells  for  the  isolation  of  the  6-lap-activated  apoptotic  protease. 

-  Transfection  of  cells  with  calpastatin,  a  specific  endogenous  calpain  protein  inhibitor,  protected 
MCF-7  cells  from  6-lap-induced  apoptosis  as  well  as  lethality. 
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REPORTABLE  OUTCOMES: 

Prior  Appendix  Items  Already  Supplied  to  the  DOD  In  Past  Reports: 

1.  Wuerzberger,  S.M.,  Planchon,  S.M.,  Pink,  J.J.,  Bornmann,  W.  and  Boothman,  D.A.  B- 
Lapachone-induced  apoptosis  in  MCF-7  human  breast  cancer  cells.  1998;  Cancer  Res.  58: 
1876-1885. 

2.  Mendonca,  M.S.,  Howard,  K.L.,  Farrington,  D.L.,  Desmond,  L.A.,  Temples,  T.M.,  Mayhugh, 

B.M.,  Pink,  J.J.  and  Boothman,  D.A.  Delayed  apoptotic  responses  associated  with  radiation- 
induced  neoplastic  transformation  of  human  hybrid  cells.  1999;  Cancer  Res.  59:  3972-3979. 

3.  Separovic,  D.,  Pink,  J.J.,  Oleinick,  N.L.,  Kester,  M.,  Boothman,  D.A.,  McLoughlin,  M.,  Pena, 

L.A.,  and  Haimovitz-Friedman,  A.  Nieman-Pick  human  lymphoblasts  are  resistant  to 
phthalocyanine  4-photodynamic  therapy-induced  apoptosis.  1999;  Biomed  Biophys.  Res. 
Commun.,  258:  506-512. 

CURRENT  LIST  OF  PUBLICATIONS  RESULTING  FROM  THIS  AWARD 
PAPERS  PUBLISHED  IN  PEER-REVIEWED  JOURNALS: 

4.  Pink,  J.J.,  Planchon,  S.M.,  Tagliarino,  C.,  Wuerzberger-Davis,  S.M.,  Varnes,  M.E.,  Siegel,  D.,  and 
Boothman,  D.A.  NAD(P)H:quinone  oxidoreductase  (NQOl)  activity  is  the  principal  determinant  of 
B-lapachone  cytotoxicity.  2000;  J.  Biol.  Chem.,  275  (8):  5416-5422. 

5.  Pink,  J.J.,  Wuerzberger-Davis,  S.M.,  Tagliarino  C.,  Planchon,  S.M.,  Yang,  X-H.,  Froelich,  C.J.,  and 

Boothman,  D.A.  A  novel  non-caspase-mediated  proteolytic  pathway  activated  in  breast  cancer  cells 
during  B-lapachone-mediated  apoptosis.  2000;  Exp.  Cell.  Res.,  255  (2):  144-155. 

6.  Huang,  T.T.,  Wuerzberger-Davis,  S.M.,  Seufer,  B.J.,  Shumway,  S.D.,  Kurama,  T.,  Boothman,  D.A.,  and 

Miyamoto,  S.  NF-kB  activation  by  camptothecin:  A  linkage  between  nuclear  DNA  damage  and 
cytoplasmic  signaling  events.  2000;  J.  Biol.  Chem.,  275  (13):  9501-9509. 

7.  Tagliarino,  C.,  Pink,  J.J.,  Dubyak,  G.R.,  Nieminen,  A-L.,  and  Boothman,  D.A.  Calcium  is  a  key 
signaling  molecule  in  B-lapachone-mediated  cell  death.  2001;  J.  Biol.  Chem.  276(22):  19150-19159. 

8.  Planchon,  S.M.,  Pink,  J.J.,  Tagliarino,,  C.,  Bornmann,  W.G.,  Varnes,  M.E.,  and  Boothman,  D.A.  B- 

Lapachone-induced  apoptosis  in  human  prostate  cancer  cells:  involvement  of  NQ01/xip3.  2001 ;  Exp. 
Cell  Res.,  267:  95-106. 

9.  Tagliarino,  C.,  Pink,  J.J.,  Wuerzberg-Davis,  S.,  and  Boothman,  D.A.  p  -Calpain  activation  in  8- 

lapachone-mediated  apoptosis.  Cancer  Biology  &  Therapy,  2(2):  141-152,  2003. 

PAPERS  PUBLISHED  IN  NON-PEER-REVIEWED  JOURNALS: 

9.  Pink,  J.J.,  Tagliarino,  C.  Planchon,  S.,  Varnes,  M.  Simmers,  S.,  and  Boothman,  D.A.  Cell  death 

pathways  triggered  by  B-lapachone.  Free  Radical  Biology,  In  Press,  2001. 

10.  Miyamoto,  S.,  Huang,  T.,  Wuerzberger-Davis,  S.,  Bornmann,  W.,G.,  Pink,  J.J.,  Tagliarino,  C., 
Kinsella,  T.J.,  and  Boothman,  D.A.  Cellular  and  Molecular  Responses  to  Topoisomerase  I 
Poisons:  Exploiting  Synergy  For  Improved  Radiotherapy.  2000;  Annals  of  the  New  York 
Academy  of  Sciences,  922:  274-292. 
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11.  Tagliarino,  C.  Pink,  JJ.  and  Boothman,  D.A.  Calpains  and  apoptosis.  2002;  Korean  J.  Biol 
Sci.,  5:  267-274. 

Abstracts  and  Presentations  Related  to  this  Grant: 

For  Colleen  Tagliarino: 

1.  Invited  Speaker  with  Abstract,  “Exploitation  of  and  IR-inducible  protein  (xip3)  in  human  cancer  cells 

using  B-lapachone”  C.  Tagliarino,  J.J.  Pink,  S.M.  Wuerzberger-Davis,  S.M.  Planchon,  and  D.A. 
Boothman.  11th  Int  Congress  of  Rad  Res.,  Ireland,  July  14-17, 1999.  Also  paid  for  by  grants  from  the 
Radiation  Research  Society  to  C.T.  and  D.A.B. 

2.  Invited  Speaker,  “Exploiting  radiation-inducible  proteins  for  targeted  apoptosis”  Northern  Illinois 

University,  Host:  Dr.  James  B.  Mitchel,  Feb.  5, 1999. 

3.  Poster  presentation,  DOD  Symposium  on  Breast  Cancer  Initiative.  Seminar  entitled  “B-Lapachone  triggers 

NQ01 -dependent  apoptosis  in  human  breast  cancer  cells  by  activating  a  calcium-dependent  noncaspase 
cysteine  protease.”  Atlanta,  GA,  June  11-12,  2000. 

11.  Invited  Speaker,  "Exploiting  IR-inducible  responses  for  chemo-  and/or  radiotherapy"  Department  of 
Pharmacology,  University  of  Pittsburgh,  Host: 

Dr.  Jack  Yalowich.  November  9-10,  2000. 

12.  Invited  Speaker  with  Abstract,  Exploiting  IR-inducible  gene  expression  for  breast  cancer  therapy, 
Department  of  Pharmacology,  University  of  Wisconsin-Madison,  December  4,  2001. 

13.  Invited  Speaker,  "A  novel  apoptotic  pathway  induced  by  B-lapachone",  Medical  College  of  Wisconsin, 

December  5,  2001. 


Patents  and  licenses  applied  for  and/or  issued.  None 

Degrees  Obtained  During  This  Award. 

Tagliarino,  Colleen  Ph.D.,  Case  Western  Reserve  University,  Dept.  Pharmacology, 

Oct.,  2001. 

Development  of  Cell  Lines,  Tissue  or  Serum  Repositories: 

-MDA-MB-468  NQ1-6,  human  NQ01  -deficient  cells  stably  transfected  with  CMV-directed 
NQ01. 

-vector-alone  MDAO-MB-468  cells. 

-Stably  transfected  MCF-7:WS8  cells  expressing  caspase  3. 

-Stably  transfected  MCF-7  cell  clones  expressing  calpastatin. 

-Tetracycline-inducible  MCF-7,  as  well  as  LNCaP  and  MDA-MB-231  and  MDA-MB-468  cell 
clones. 

Informatics  such  as  databases  and  animal  models,  etc.  None 

Funding  applied  for  based  on  work  supported  by 
this  award. 


la.  Source  and  identifying  no.  NIH/NCI  R01  CA-92250 
P.l.  Boothman.  D.  A. 

b.  Title  "Exploiting  NOOl  for  improved  therapy  of  human  breast  cancers". 

c.  Dates  and  costs  of  entire  project  12/01/01  -  11/30/04  $  825.594 

d.  Dates  and  costs  of  first  year  12/01/01  -  11/30/02  $  200.000 

e.  Specific  aims  of  project  The  goal  of  this  project  is  to  test  the  hypothesis  that  B-lapachone  radiosensitizes  cells  through  the  IB 
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inducible  enzvme.  NOOl  in  human  breast  cancer  cells.  Another  objective  of  this  grant  is  to  further  define  and  clone  the  anoptoti 
pro  teasel's)  activated  bv  R-lap  in  NOOl -expressing  human  breast  cancer  cell  lines. 

f.  Describe  scientific  and  budgetary  overlap.  This  grant  was  funded  using  the  preliminary  data  developed  from  a  POD  breast  cancer  grat 
to  D.A.B.. 

g.  Describe  adjustments  you  will  make  if  the  present  application  is  funded  (budget,  %  effort,  aims,  etc.).  None. 


Employment  or  research  opportunities  applied  for  and/or  received  on  experiences/training  supported 
by  this  award. 

Colleen  Tagliarino,  Ph.D.  Post-doctoral  Fellow,  Johnson  and  Johnson  Drug  Development 

Center,  Philadelphia,  PA. 
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CONCLUSIONS: 

The  goal  of  this  grant  was  to  clone  the  unknown  protease  activated  by  the  active  anti-breast 
cancer  agent,  6-lapachone  (6-lap).  The  research  team  showed  for  the  first  time  that  6-lap  required 
NQ01,  a  two-electron  reduction  enzyme  elevated  in  many  human  breast  cancers,  for  bioactivation.  The 
team  then  characterized  the  unknown  apoptotic  protease  activated  in  human  breast  cancer  cells  by  6- 
lap,  defining  endpoints  that  will  be  essential  for  the  ultimate  isolation  of  this  novel  apoptotic  protease. 
The  unknown  protease:  (a)  is  a  non-caspase  cytsteine  protease;  (b)  cleaves  p53,  lamin  B,  and  PARP 
(atypically)  in  an  NQ01 -dependent  manner  at  a  time  co-incident  with  calpain  activation  (appearance  of 
an  18  kDa  active  form  and  its  movement  into  the  nucleus  by  confocal  microscopy);  (c)  is  calcium- 
dependent  (e.g.,  the  proteolytic  cleavage  of  PARP  or  p53  was  blocked  by  co-administration  of  EGTA 
or  EDTA),  and  the  drug  causes  massive  NQ01 -dependent  calcium  influx  within  3  mins  posttreatment 
with  5-SpiM  6-lap;  (d)  is  suppressed  by  over-expression  of  calpstatin,  a  specific  endogenous  inhibitor 
of  calpain.  Furthermore,  significant  progress  has  been  made  in  developing  reagents  that  will  be 
required  for  the  cloning  of  this  novel  noncaspase  cysteine  protease.  The  new  hypothesis  being  tested 
is  that  6-lap  activates  calpain,  which  then  triggers  DNA  fragmentation  and  apoptosis.  We  have 
complemented  the  studies  above  via  the  use  of  MEFs  and  ES  cells  from  calpain  knockout  mice,  as 
well  as  the  construction  of  his-tagged  C-  and  N-terminal  PARP  reagents  that  will  be  useful  for  novel 
affinity  purification  methodology  as  well  as  the  preparation  of  a  biochemical  activity  assay,  which  we 
have  also  demonstrated  can  be  used  from  6-lap-treated  cells. 

From  work  of  this  DOD  grant,  we  hypothesized  that  NQ01  could  be  exploited  for  breast  cancer 
because  (1)  the  enzyme  is  elevated  in  many  human  breast  cancers  and  tumors  can  be  rapidly  assayed 
for  overall  levels  prior  to  treatment;  (2)  the  enzyme  is  induced  by  cytotoxic  agents,  such  as  ionizing 
radiation  (e.g.,  it  was  isolated  by  our  laboratory  in  1993  as  XIP3),  and  this  attribute  of  the  enzyme 
should  be  exploitable  for  improved  radiotherapeutic  strategies  using  6-lapachone;  and  (3)  the  data 
implicates  6-lapachone  for  chemopreventive  therapy  against  cancer,  such  as  breast  cancers,  since 
NQ01  is  an  early  known  marker  of  neoplastic  transformation  of  normal  epithelial  and  other  cell  types. 
Based  on  funding  from  this  DOD  award,  we  were  recently  able  to  obtain  funding  from  the  National 
Institutes  of  Health  to  explore  this  hypothesis.  We  are  also  currently  preparing  a  grant  to  be  submitted 
to  the  NIH  for  support  of  the  purification  of  6-lap-activated  calpain  or  the  calpain-like  protease. 
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0-Lapachone  (/3-Lap)  triggers  apoptosis  in  a  number  of 
human  breast  and  prostate  cancer  cell  lines  through  a 
unique  apoptotic  pathway  that  is  dependent  upon  NQOl,  a 
two-electron  reductase.  Downstream  signaling  pathway(s) 
that  initiate  apoptosis  following  treatment  with  /3-Lap  have 
not  been  elucidated.  Since  calpain  activation  was  sus¬ 
pected  in  /3-Lap-mediated  apoptosis,  we  examined  alter¬ 
ations  in  Ca2+  homeostasis  using  NQOl-expressing  MCF-7 
cells.  0-Lap-exposed  MCF-7  cells  exhibited  an  early  in¬ 
crease  in  intracellular  cytosolic  Ca2+,  from  endoplasmic 
reticulum  Ca2+  stores,  comparable  to  thapsigargin  expo¬ 
sures.  l^-Bis-(2-aminophenoxy)ethane-Ay\yV/^V'-tetraace- 
tic  acid-acetoxymethyl  ester,  an  intracellular  Ca2+  chela¬ 
tor,  blocked  early  increases  in  Ca2+  levels  and  inhibited 
/3-Lap-mediated  mitochondrial  membrane  depolarization, 
intracellular  ATP  depletion,  specific  and  unique  substrate 
proteolysis,  and  apoptosis.  The  extracellular  Ca2+  chelator, 
EGTA,  inhibited  later  apoptotic  end  points  (observed  >8  h, 
e.g.  substrate  proteolysis  and  DNA  fragmentation),  suggest¬ 
ing  that  later  execution  events  were  triggered  by  Ca2+  in¬ 
fluxes  from  the  extracellular  milieu.  Collectively,  these  data 
suggest  a  critical,  but  not  sole,  role  for  Ca2+  in  the  NQOl- 
dependent  cell  death  pathway  initiated  by  /3-Lap.  Use  of 
/1-Lap  to  trigger  an  apparently  novel,  calpain-Iike-mediated 
apoptotic  cell  death  could  be  useful  for  breast  and  prostate 
cancer  therapy. 


/3-Lap1  is  a  naturally  occurring  compound  present  in  the 
bark  of  the  South  American  Lapacho  tree.  It  has  antitumor 
activity  against  a  variety  of  human  cancers,  including  colon, 
prostrate,  promyelocytic  leukemia,  and  breast  (1-3).  /3-Lap  was 
an  effective  agent  (alone  and  in  combination  with  taxol)  against 
human  ovarian  and  prostate  xenografts  in  mice,  with  little  host 


*  This  work  was  supported  by  United  States  Army  Medical  Research 

and  Materiel  Command  Breast  Cancer  Initiative  Grant  DAMD  17-98-1- 

8260  (to  D.  A.  B.),  Predoctoral  Fellowship  DAMD 17-00-1-0 194  (to  C.  T.), 
and  Postdoctoral  Fellowship  D  AMD-17-97-1-7221  (to  J.  J.  P.).  The  costs 
of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of 
page  charges.  This  article  must  therefore  be  hereby  marked  Advertise¬ 
ment”  in  accordance  with  18  U.S.C.  Section  1734  solely  to  indicate  this 
fact. 

§  Partial  fulfillment  of  the  requirements  for  the  Ph.D.  degree,  Case 
Western  Reserve  University,  Dept,  of  Pharmacology. 

**  To  whom  correspondence  should  be  addressed:  Dept,  of  Radiation 
Oncology  (BRB-326  East),  Case  Western  Reserve  University,  10900 
Euclid  Ave.,  Cleveland,  OH  44106-4942.  Tel.:  216-368-0840;  Fax:  216- 
368-1142;  E-mail:  dab30@po.cwru.edu. 

1  The  abbreviations  used  are:  /3-Lap,  /3-lapachone;  MCP,  MCF-7:WS8; 
NQOl,  NAD(P)H:quinone  oxidoreductase,  DT-diaphorase  (E.C.  1.6.99.2); 
PARP,  poly(ADP-ribose)  polymerase;  TUNEL,  terminal  deoxynucleotidyl 
transferase-mediated  dUTP  nick  end  labeling;  ER,  endoplasmic  reticulum; 
TG,  thapsigargin;  STS,  staurosporine;  BAPTA-AM,  l,2-bis-(2-aminophe- 
noxy)ethane-N,N,Ar'^V'-tetraacetic  acid-acetoxymethyl  ester. 


toxicity  (4).  We  recently  demonstrated  that  /3-Lap  kills  human 
breast  and  prostate  cancer  cells  by  apoptosis,  a  cytotoxic  re¬ 
sponse  significantly  enhanced  by  NAD(P)H:quinone  oxi¬ 
doreductase  (NQOl,  E.C.  1.6.99.2)  enzymatic  activity  (5). 2 
/3-Lap  cytotoxicity  was  prevented  by  co-treatment  with  dicum- 
arol  (an  NQOl  inhibitor)  in  NQOl-expressing  breast  and  pros¬ 
tate  cancer  cells  (5). 2  NQOl  is  a  cytosolic  enzyme  elevated  in 
breast  cancers  (6)  that  catalyzes  a  two-electron  reduction  of 
quinones  (e.g.  /3-Lap,  menadione),  utilizing  either  NADH  or 
NADPH  as  electron  donors.  Reduction  of  0-Lap  by  NQOl  pre¬ 
sumably  leads  to  a  futile  cycling  of  the  compound,  wherein  the 
quinone  and  hydroquinone  form  a  redox  cycle  with  a  net  con¬ 
comitant  loss  of  reduced  NAD(P)H  (5). 

Apoptosis  is  an  evolutionarily  conserved  pathway  of  bio¬ 
chemical  and  molecular  events  that  underlie  cell  death  proc¬ 
esses  involving  the  stimulation  of  intracellular  zymogens.  The 
process  is  a  genetically  programmed  form  of  cell  death  involved 
in  development,  normal  turnover  of  cells,  and  in  cytotoxic  re¬ 
sponses  to  cellular  insults.  Once  apoptosis  is  initiated,  bio¬ 
chemical  and  morphological  changes  occur  in  the  cell.  These 
changes  include:  DNA  fragmentation,  chromatin  condensation, 
cytoplasmic  membrane  blebbing,  cleavage  of  apoptotic  sub¬ 
strates  (e.g.  PARP,  lamin  B),  and  loss  of  mitochondrial  mem¬ 
brane  potential  with  concomitant  release  of  cytochrome  c  into 
the  cytoplasm  (7-9).  Apoptosis  is  a  highly  regulated,  active 
process  that  requires  the  participation  of  endogenous  cellular 
enzymes  that  systematically  dismantle  the  cell.  The  most  well 
characterized  proteases  in  apoptosis  are  caspases,  aspartate- 
specific  cysteine  proteases,  that  work  through  a  cascade  that 
can  be  initiated  by  mitochondrial  membrane  depolarization 
leading  to  the  release  of  cytochrome  c  and  Apaf-1  into  the 
cytoplasm  (10),  that  then  activates  caspase  9  (11).  Non- 
caspase-mediated  pathways  are  less  understood. 

We  previously  showed  that  apoptosis  following  0-Lap  admin¬ 
istration  was  unique,  in  that  an  ~60-kDa  PARP  cleavage  frag¬ 
ment,  as  well  as  distinct  intracellular  proteolytic  cleavage  of 
p53,  were  observed  in  NQOl-expressing  breast  or  prostate 
cancer  cells  (5).2  These  cleavage  events  were  distinct  from 
those  observed  when  caspases  were  activated  by  topoisomerase 
I  poisons,  staurosporine,  or  administration  of  granzyme  B  (5, 
12,  13).  Furthermore,  0-Lap-mediated  cleavage  events  were 
blocked  by  administration  of  global  cysteine  protease  inhibi¬ 
tors,  as  well  as  extracellular  Ca2+  chelators  (12).  Based  on 
these  data,  we  concluded  that  0-Lap  exposure  of  NQOl-ex¬ 
pressing  breast  and  prostate  cancer  cells  caused  the  activation 
of  a  Ca2+-dependent  protease  with  properties  similar  to  cal¬ 
pain;  in  particular,  the  p53  cleavage  pattern  of  0-Lap-exposed 
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cells  was  remarkably  similar  to  the  pattern  observed  after 
calpain  activation  (14,  15). 

Ca2+  is  recognized  as  an  important  regulator  of  apoptosis 
(16-21).  The  cytoplasmic  Ca2+  concentration  is  maintained  at 
~100  nM  in  resting  cells  by  relatively  impermeable  cell  mem¬ 
branes,  active  extrusion  of  Ca2+  from  the  cell  by  plasma  mem¬ 
brane  Ca2+-ATPases,  plasma  membrane  Na+/Ca2+  exchang¬ 
ers,  and  active  uptake  of  cytosolic  Ca2+  into  the  endoplasmic 
reticulum  (ER)  by  distinct  Ca2+-ATPases.  In  contrast,  the  con¬ 
centration  of  Ca2+  in  the  extracellular  milieu  and  in  the  ER  is 
much  higher  (in  the  millimolar  range).  Evidence  for  involve¬ 
ment  of  Ca2+  influx  into  the  cytosol  as  a  triggering  event  for 
apoptosis  has  come  from  studies  with  specific  Ca2+  channel 
blockers  that  abrogate  apoptosis  in  regressing  prostate  follow¬ 
ing  testosterone  withdrawal  (22).  Other  support  for  the  involve¬ 
ment  of  Ca2+  in  apoptosis  comes  from  the  observation  that 
agents  that  directly  mobilize  Ca2+  (eg.  Ca2+  ionophores  or  the 
sarcoplasmic  reticulum  Ca2+-ATPase  pump  inhibitor,  thapsi- 
gargin,  TG)  can  trigger  apoptosis  in  diverse  cell  types  (23-27). 
Inhibition  of  the  sarcoplasmic  reticulum  Ca2+-ATPase  pump 
by  TG  causes  a  transient  increase  in  cytoplasmic  Ca2+  from  ER 
Ca2+  stores,  and  a  later  influx  of  Ca2+  from  the  extracellular 
milieu,  leading  to  the  induction  of  apoptotic  cell  death  (24,  27, 
28).  Consequently,  emptying  of  intracellular  Ca2+  stores  may 
trigger  apoptosis  by  disrupting  the  intracellular  architecture 
and  allowing  key  elements  of  the  effector  machinery  (eg. 
Apaf-1)  to  gain  access  to  their  substrates  (eg.  caspase  9).  Ca2+ 
has  also  been  shown  to  be  necessary  for  apoptotic  endonuclease 
activation,  eliciting  DNA  cleavage  after  many  cellular  insults 
(29-31).  Buffering  intracellular  Ca2+  released  from  stored 
Ca2+  pools  (eg.  ER)  with  BAPTA-AM,  or  removal  of  extracel¬ 
lular  Ca2+  with  EGTA,  can  protect  cells  against  apoptosis  (32, 
33).  Therefore,  increases  in  intracellular  Ca2+  levels  appear  to 
be  important  cell  death  signals  in  human  cancer  cells  that 
might  be  exploited  for  anti-tumor  therapy.  Finally,  Ca2+  may 
act  as  a  signal  for  apoptosis  by  directly  activating  key  proapo- 
ptotic  enzymes  (eg.  calpain);  however,  these  proteolytic  re¬ 
sponses  are  poorly  understood.  The  role  of  Ca2+  in  cell  death 
processes  involving  caspase  activation  has  been  examined  in 
detail  (28,  34-36).  However,  the  role  of  Ca2+  in  non-caspase- 
dependent  cell  death  responses  is  relatively  unexplored. 

Recent  studies  have  suggested  that  alterations  in  mitochon¬ 
drial  homeostasis  play  an  essential  role  in  apoptotic  signal 
transduction  induced  by  cytotoxic  agents  (37,  38).  Various 
apoptotic  stimuli  have  been  shown  to  induce  mitochondrial 
changes,  resulting  in  release  of  apoptogenic  factors,  apoptosis- 
inducing  factor  (39),  and  mitochondrial  cytochrome  c  (9)  into 
the  cytoplasm.  These  changes  are  observed  during  the  early 
phases  of  apoptosis  in  human  epithelial  cells,  and  were  linked 
to  the  initial  cascade  of  events,  sending  the  cell  to  an  irrevers¬ 
ible  suicide  pathway.  During  high,  sustained  levels  of  cytosolic 
Ca2+,  mitochondrial  Ca2+  uptake  is  driven  by  mitochondrial 
membrane  potential  to  maintain  Ca2+  homeostasis  in  the  cy¬ 
tosol.  In  de-energized  mitochondria,  Ca2+  can  be  released  by  a 
reversal  of  this  uptake  pathway  (40).  These  data,  therefore, 
linked  changes  in  Ca2+  homeostasis  and  mitochondrial  mem¬ 
brane  potential  to  the  initiation  of  apoptosis.  Li  et  al.  (41) 
reported  that  /3-Lap  caused  a  decrease  in  mitochondrial  mem¬ 
brane  potential  with  release  of  cytochrome  c  into  the  cytoplasm 
in  a  number  of  human  carcinoma  cell  lines,  shortly  after  drug 
addition.  Other  alterations  in  metabolism  (eg.  ATP  depletion) 
have  not  been  examined  in  /3-Lap-treated  cells. 

We  previously  characterized  the  activation  of  a  novel  cys¬ 
teine  protease  in  various  breast  cancer  cell  lines  with  proper¬ 
ties  similar  to  the  Ca2+ -dependent  cysteine  protease,  calpain, 
after  exposure  to  /3-Lap  (12).  Using  NQOl-expressing  breast 


cancer  cells,  we  show  that  /3-Lap  elicits  a  rise  in  intracellular 
Ca2+  levels  shortly  after  drug  administration  that  eventually 
leads  to  apoptosis.  This  paper  suggests  a  critical,  but  not  suf¬ 
ficient,  role  for  Ca2+  in  the  cell  death  pathway  initiated  by 
NQO  1-dependent  bioactivation  of  /3-Lap.  Possible  combinato¬ 
rial  effects  (eg.  NAD(P)H  depletion  as  well  as  intracellular 
calcium  alterations)  that  initiate  /3-Lap-mediated  apoptosis  in 
NQOl-expressing  breast  cancer  cells  will  be  discussed. 

EXPERIMENTAL  PROCEDURES 

Reagents— 1 3-Lapachone  (3,4-dihydro-2,2-dimethyl-2H-naph- 
tho[l,2b]pyran-5,6-dione)  was  synthesized  by  Dr.  William  G.  Bommann 
(Memorial  Sloan  Kettering,  New  York),  dissolved  in  dimethyl  sulfoxide 
at  10  mM,  and  the  concentration  verified  by  spectrophotometric  analysis 
(2,  5).  EGTA,  Hoescht  33258,  and  thapsigargin  were  obtained  from 
Sigma.  BAPTA-AM  ( l,2-bis-(2-aminophenoxy)ethane-N,iV,N' JV'-tet- 
raacetic  acid  tetra-(acetoxy methyl  ester))  was  obtained  from  Calbio- 
chem  (La  Jolla,  CA).  JC-1  (5,5'6,6'-tetrachloro-l,l',3,3'-tetraethyl- 
benzimidazolylcarbocyanine  iodide)  and  Fluo-4-AM  were  obtained  from 
Molecular  Probes,  Inc.  (Eugene,  OH). 

Cell  Culture — MCF-7 : WS8  (MCF-7)  human  breast  cancer  cells  were 
obtained  from  Dr.  V.  Craig  Jordan,  (Northwestern  University,  Chicago, 
IL).  MDA-MB-468  cells  were  obtained  from  the  American  Type  Culture 
Collection  and  transfected  with  NQOl  cDNA  in  the  pcDNA3  constitu¬ 
tive  expression  vector  as  described  previously  (5).  Tissue  culture  com¬ 
ponents  were  purchased  from  Life  Technologies,  Inc.,  unless  otherwise 
stated.  MCF-7  cells  were  grown  in  RPMI  1640  cell  culture  medium 
supplemented  with  10%  fetal  bovine  serum,  in  a  37  °C  humidified 
incubator  with  5%  C02,  95%  air  atmosphere  as  previously  described  (2, 
5).  For  all  experiments,  log-phase  breast  cancer  cells  were  exposed  to  5 
/am  /3-Lap  for  4  h  (unless  otherwise  indicated),  after  which  fresh  medium 
was  added  and  cells  were  harvested  at  various  times  post-treatment. 

TUNEL  Assay — Cells  were  seeded  at  1  X  106  cells/10-cm  Petri  dish 
and  allowed  to  grow  for  24  h.  Log-phase  cells  were  then  pretreated  for 
30  min  with  10  /am  BAPTA-AM,  3  mM  EGTA,  or  50  /am  dicumarol 
followed  by  a  4-h  pulse  of  5  /xM  /3-Lap,  as  described  above,  or  24  h 
treatment  of  10  /am  ionomycin  or  1  /am  staurosporine.  Medium  was 
collected  from  experimental  as  well  as  control  conditions  24  h  later,  and 
attached  along  with  floating  cells  were  monitored  for  apoptosis  using 
TUNEL  3 '-biotinylated  DNA  end  labeling  via  the  APO-DIRECT  kit 
(Pharmingen,  San  Diego,  CA)  as  described  (5).  Apoptotic  cells  were 
analyzed  and  quantified  using  an  EPICS  XL-MCL  flow  cytometer  that 
contained  an  air-cooled  argon  laser  at  488  nm,  15  mW  (Beckman 
Coulter  Electronics;  Miami,  FI),  and  XL-MCL  acquisition  software  pro¬ 
vided  with  the  instrument. 

Cell  Growth  Assays — MCF-7  cells  were  seeded  at  5  X  104  cells  per 
well  in  a  12-well  plate  and  allowed  to  attach  overnight.  The  following 
day,  log-phase  cells  were  pretreated  for  30  min  with  5  /am  BAPTA-AM, 
followed  by  a  4-h  pulse  of  /3-Lap  (0-5  /am).  Drugs  were  removed  and 
fresh  medium  added.  Cells  were  allowed  to  grow  for  an  additional  6 
days.  DNA  content  (a  measure  of  cell  growth)  was  determined  by 
fluorescence  using  Hoechst  dye  33258  as  described  (5)  and  changes  in 
growth  were  monitored  using  a  PerkinElmer  HTS  7000  Plus  Bio  Assay 
Plate  Header  (Norwalk,  CT)  with  360  and  465  nm  excitation  and  emis¬ 
sion  filters,  respectively.  Data  were  expressed  as  relative  growth,  T/C 
(treated/control),  using  experiments  performed  at  least  twice. 

Confocal  Microscopy — MCF-7  cells  were  seeded  at  2-3  X  10s  cells  per 
35-mm  glass  bottom  Petri  dishes  (MatTek  Corp.,  Ashland,  MA)  and 
allowed  to  attach  overnight.  Cells  were  rinsed  twice  in  a  Ca2+/M g2* 
balanced  salt  solution  (BSS,  130  mM  NaCl,  5  mM  KC1,  1,5  mM  CaCl2,  1 
mM  MgCl2, 25  mM  HEPES,  pH  7.5,  5  mM  glucose,  1  mg/ml  bovine  serum 
albumin)  and  loaded  with  the  Ca2+-sensitive  fluorescent  indicator,  fluo- 
4-AM  (5  /am),  in  BSS  for  ~20-30  min  at  37  °C.  Cells  were  rinsed  twice 
in  BSS  and  incubated  for  an  additional  20  min  at  37  °C  to  allow  for 
hydrolysis  of  the  AM-ester.  Cells  were  imaged  with  a  Zeiss  410  confocal 
microscope  (Thomwood,  NY)  equipped  with  a  X63  N.A.  1.4  oil  immer¬ 
sion  planapochromat  objective  at  room  temperature  (the  same  results 
were  observed  at  room  temperature  and  37  °C).  Confocal  images  of 
fluo-4  fluorescence  were  collected  using  a  488-nm  excitation  light  from 
an  argon/krypton  laser,  a  560-nm  dichroic  mirror,  and  a  500—550  nm 
band-pass  barrier  filter.  Three  basal  images  were  collected  before  drug 
addition  (8  /am  /3-Lap,  ±  50  /am  dicumarol  or  200  nM  TG).  The  mean  pixel 
intensity  was  set  to  equal  one  for  analyses  of  fold-increase  in  fluo-4 
fluorescence  intensity.  Subsequently,  images  were  collected  after  the 
indicated  treatments  at  90-s  intervals.  BAPTA-AM  (20  /am)  was  co- 
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loaded  with  fluo-4-AM  where  indicated.  Mean  pixels  were  determined 
in  regions  of  interest  for  individual  cells  at  each  time  point. 

Mitochondrial  Membrane  Potential  Determinations — MCF-7  cells 
were  seeded  at  2.5-3  X  106  cells  per  6-well  plate,  and  allowed  to  grow 
for  24  h.  Log-phase  cells  were  pretreated  for  30  min  with  10  /am  BAPTA- 
AM,  3  mM  EGTA,  or  50  /am  dicumarol  followed  by  a  4-h  pulse  of  5  pM 
0-Lap,  unless  otherwise  indicated.  Cells  were  trypsinized  and  resus¬ 
pended  in  phenol  red-minus  RPMI  medium  for  analyses.  Cells  were 
maintained  at  37  °C  for  the  duration  of  the  experiment,  including 
during  analyses.  Prior  to  analyses,  cells  were  loaded  with  10  /ig/ml  JC-1 
for  9-14  min  and  samples  were  analyzed  using  a  Beckman  Coulter 
EPICS  Elite  ESP  (Miami,  FL)  flow  cytometer.  JC-1  monomer  and 
aggregate  emissions  were  excited  at  488  nM  and  quantified  using  Elite 
acquisition  software  after  signal  collection  through  525-  and  590-nm 
band  pass  filters,  respectfully.  Shifts  in  emission  spectra  were  plotted 
on  bivariant  dot  plots,  on  a  cell-by-cell  basis,  to  determine  relative 
mitochondrial  membrane  potential  of  treated  and  control  cells. 

ATP  Measurements— Cells  were  seeded  at  2.5  X  10s  cells  per  well  in 
6-well  dishes  and  allowed  to  attach  for  24  h.  Fresh  medium  was  added 
to  the  cells  along  with  Caz+  chelators  or  dicumarol  30  min  prior  to 
0-Lap  exposure  (4  h  unless  otherwise  indicated).  Floating  cells  were 
collected,  pelleted,  and  lysed  in  1.67  M  perchloric  acid.  Attached  cells 
were  lysed  directly  in  1.67  M  perchloric  acid.  Following  a  20-min  incu¬ 
bation  at  room  temperature,  attached  cells  were  scraped  and  trans¬ 
ferred  to  corresponding  microcentrifuge  tube,  cooled  on  ice  for  several 
minutes,  and  spun  to  pellet  protein  precipitates.  Deproteinized  samples 
were  neutralized  with  3.5  m  KOH  and  HEPES/KOH  (25  mM  HEPES,  15 
mM  KOH,  pH  8),  and  incubated  on  ice  for  15  min.  Precipitates  were 
removed  by  centrifugation  and  samples  stored  at  —  20  °C.  Cell  extracts 
were  analyzed  for  ATP  and  ADP  levels  using  a  luciferase-based  biolu- 
minescent  assay  and  rephosphorylation  protocols,  as  described  (42). 

Western  Blot  Analyses— Whole  cell  extracts  from  control  or  0-Lap- 
exposed  MCF-7  cells  were  prepared  and  analyzed  by  SDS-polyacryl- 
amide  gel  electrophoresisAVestern  blot  analyses  as  previously  described 
(2,  5,  12).  Loading  equivalence  and  transfer  efficiency  were  monitored 
by  Western  blot  analyses  of  proteins  that  are  known  to  be  unaltered  by 
experimental  treatments  (2),  and  using  Ponceau  S  staining  of  the  mem¬ 
brane,  respectively.  Probed  membranes  were  then  exposed  to  x-ray  film 
for  an  appropriate  time  and  developed.  Dilutions  of  1:10,000  for  the 
C-2-10  anti-PARP  antibody  (Enzyme  Systems  Products,  Livermore, 
CA),  and  1:2000  for  anti-p53  DO-1  and  anti-lamin  B  (Santa  Cruz 
Biotechnology,  Santa  Cruz,  CA)  antibodies  were  used  as  described  (2, 
12). 


RESULTS 

Ca2+  Chelators  Prevent  0- Lap-induced  Apoptotic  DNA  Frag¬ 
mentation  and  Protect  against  Cell  Death — Log-phase  MCF-7 
cells  were  treated  for  4  h  with  5  pM  0-Lap,  fresh  medium  was 
then  applied,  and  cells  were  harvested  24  h  later  and  analyzed 
for  DNA  fragmentation  (i.e.  apoptotic  cells  staining  positive  in 
a  TUNEL  assay).  Treatment  of  MCF-7  cells  with  0-Lap  re¬ 
sulted  in  >90%  apoptotic  cells  (Fig.  1,  A  and  B).  However, 
MCF-7  cells  exposed  to  a  30-min  pretreatment  with  10  /am 
BAPTA-AM  or  3  mM  EGTA,  followed  by  a  4-h  pulse  of  5  pu 
0-Lap,  exhibited  only  20  or  39%  apoptotic  cells,  respectively,  in 
24  h. 

To  examine  whether  BAPTA-AM  could  affect  0-Lap  lethality, 
we  measured  relative  growth  of  MCF-7  cells  with  or  without 
exposure  to  0-Lap,  and  in  the  presence  or  absence  of  BAPTA- 
AM.  MCF-7  cells  were  treated  for  30  min  with  5  /am  BAPTA- 
AM,  subsequently  exposed  to  a  4-h  pulse  of  0-Lap  (1.5-5  /am), 
and  relative  cell  growth  was  measured  6  days  later  (Fig.  1C). 
The  LD60  dose  of  0-Lap  in  MCF-7  cells  was  —2.5  /jlm  in  colony 
forming  assays,  which  correlated  well  with  IC50  relative  growth 
inhibition,  as  measured  by  DNA  content  (2, 5).  At  1.5  /am  0-Lap, 
cells  exhibited  little  or  no  toxicity.  At  0-Lap  doses  of  3  or  5  /am, 
cells  exhibited  considerable  toxicity,  >90%  growth  inhibition, 
as  previously  reported  (2,  5).  Toxicity  was  significantly  pre¬ 
vented  by  5  /am  BAPTA-AM  pretreatment.  BAPTA-AM  pre¬ 
treated  cells  exhibit  only  44  and  73%  growth  inhibition  after  3 
or  5  /am  0-Lap  treatments,  respectively  (Fig.  1C).  BAPTA  alone 
did  not  affect  MCF-7  cell  growth  compared  with  untreated 
controls. 
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Fig.  1.  0-Lap-mediated  apoptosis  and  relative  cell  growth  is 
Ca2+-dependent.  DNA  fragmentation  was  assessed  using  the  TUNEL 
assay.  Log  phase  MCF-7  cells  were  treated  with  the  indicated  Ca2+ 
chelator  for  30  min  prior  to  a  4-h  pulse  of  5  /am  0-Lap.  TUNEL  assays 
were  performed  to  monitor  apoptosis  24  h  after  0-Lap  addition  (A  and 
B).  A,  shown  are  the  results  of  any  one  experiment  from  studies  per¬ 
formed  at  least  three  times.  The  number  in  the  upper  right  comer 
represents  percent  cells  staining  positive  in  the  TUNEL  assay.  Results 
are  graphically  summarized  in  B  as  the  average  of  at  three  independent 
experiments,  mean  ±  S.E.  Student’s  t  test  for  paired  samples,  experi¬ 
mental  group  compared  with  MCF-7  cells  treated  with  0-Lap  alone  are 
indicated  (*  p  <  0.01).  C,  cells  were  exposed  to  a  4-h  pulse  of  various 
concentrations  of  0-Lap  either  alone  ( closed)}  or  after  a  30-min  pretreat¬ 
ment  with  5  pu  BAPTA-AM  (open).  Relative  DNA  per  well  was  deter¬ 
mined  by  Hoescht  33258  fluorescence,  and  graphed  as  relative  growth 
(treated/control  DNA);  mean  relative  DNA  per  well,  ±  S.E.  Shown  are 
representative  results  of  experiments  performed  at  least  twice.  Stu¬ 
dent’s  t  test  for  paired  samples,  experimental  group  compared  with 
MCF-7  cells  treated  with  0-Lap  alone  are  indicated  (*,/?  <  0.05;  and  **, 
p  <  0.005). 


Ca2+  Chelators  Do  Not  Block  Apoptosis  Induced  by  Other 
Agents — It  was  possible  based  on  the  data  in  Fig.  1  that  calcium 
chelators  may  block  0-Lap-mediated  apoptosis  by  sequestering 


19153 


Ca2+  Signaling  in  fi-Lap -mediated  Apoptosis 


P-Lap  lonomyciri STS 


Fig.  2.  Ca2+  chelators  did  not  block  Ca2+ -activated  endonucle¬ 
ase  activation  after  0-Lap.  NQOl- expressing  MDA-468-NQ3  cells 
(generated  from  non-expressing  human  breast  cancer  cells  (5))  were 
treated  with  either  3  mM  EGTA  or  30  /xm  BAPTA-AM  for  30  min  prior 
to  drug  addition;  either  a  4-h  pulse  of  8  /xM  0-Lap,  or  24  h  continuous 
treatment  of  10  /xM  ionomycin  or  1  pM  STS.  Cells  were  then  analyzed 
using  the  TUNEL  assay  for  DNA  fragmentation.  Shown  are  mean  ± 
S.E.  of  at  least  two  independent  experiments.  Student’s  t  test  for  paired 
samples,  experimental  group  compared  with  cells  treated  with  drug 
alone  are  indicated  (*,p  <  0.05). 

calcium  required  for  the  activation  of  apoptotic  endonucleases. 
We,  therefore,  examined  both  intra-  and  extracellular  Ca2+ 
chelators  for  their  ability  to  prevent  apoptosis  in  NQOl-trans- 
fected  MDA-468  (MDA-468-NQ3)  cells  induced  by  0-Lap,  iono¬ 
mycin  (which  induces  Ca2+ -mediated  cell  death  (36)),  and  stau- 
rosporine  (STS,  which  inhibits  protein  kinase  C  and  works  via 
a  caspase-mediated  cell  death  pathway  (43,  44)).  We  used 
MDA-468-NQ3  cells  to  assay  for  caspase-mediated  endonucle¬ 
ase  activation  and  DNA  fragmentation  since  they  express  the 
endonuclease-activating  caspase  3,  unlike  MCF-7  cells  (45).  We 
previously  demonstrated  that  MDA-468-NQ3  cells  responded 
similarly  to  0-Lap  as  MCF-7  cells  (Fig.  2  and  Ref.  5).  EGTA 
significantly  protected  MDA-468-NQ3  cells  against  ionomycin- 
induced  apoptosis,  but  not  against  STS-induced  apoptosis  (Fig. 
2).  MDA-468-NQ3  cells  treated  for  24  h  with  10  pM  ionomycin 
exhibited  49%  apoptotic  cells,  whereas,  MDA-468-NQ3  cells 
pretreated  for  30  min  with  3  mM  EGTA  followed  by  a  24-h 
exposure  to  ionomycin  exhibited  only  4%  apoptotic  cells.  Cells 
treated  for  24  h  with  1  /xm  STS  in  the  absence  or  presence  of  3 
mM  EGTA  exhibited  56  and  46%  apoptosis,  respectively. 
BAPTA-AM  (10  /xm)  did  not  significantly  block  apoptosis  in¬ 
duced  by  ionomycin.  BAPTA-AM  pretreatment  of  STS-exposed 
MDA-468-NQ3  cells  did  not  significantly  decrease  apoptosis 
(p  <  0.4)  compared  with  cells  exposed  to  STS  alone;  the  modest 
effect  of  BAPTA-AM  on  STS-induced  apoptosis  may  reflect  the 
Ca2+  dependence  of  the  apoptotic  endonucleases  involved  in 
this  response.  Neither  BAPTA-AM  nor  EGTA  alone  elicited 
apoptotic  responses  at  the  doses  used  in  the  aforementioned 
experiments  (Figs.  IB  and  2).  Furthermore,  preliminary  data 
suggest  that  DFF45  (ICAD)  was  cleaved  in  NQO  1-expressing 
MCF-7  or  MDA-468-NQ3  cells  at  8  h  after  0-Lap  treatment,  in 
a  temporal  manner  corresponding  to  the  induction  of  apoptosis 
(data  not  shown).  Cleavage  of  DFF45,  an  endogenous  inhibitor 
of  the  magnesium-dependent  and  Ca2+-independent  apoptotic 
endonuclease,  DFF40  (CAD),  suggests  that  DFF40  is  activated 
following  treatment  with  0-Lap.  Taken  together  with  results  in 
Fig.  1,  these  data  strongly  suggest  that  a  rise  in  intracellular 
Ca2+  levels  is  part  of  a  critical  signaling  pathway  for  the 
induction  of  apoptosis  in  NQO  1-expressing  human  breast  can¬ 
cer  cells  following  0-Lap  exposure. 

Exposure  of  NQOl -expressing  MCF-7  Cells  to  ($-Lap  Results 
in  Increased  Intracellular  Ca2+— -We  next  directly  examined 


whether  intracellular  Ca2+  levels  were  increased  in  log-phase 
MCF-7  cells  after  0-Lap  treatment  using  the  cell-permeant 
intracellular  Ca2+  indicator  dye,  fluo-4.  Cells  were  loaded  with 
5  /xM  fluo-4-AM,  and  where  indicated,  20  /xm  BAPTA-AM,  in¬ 
cubated  for  —25  min  to  allow  for  the  dye  to  permeate  cells, 
rinsed,  and  then  incubated  for  an  additional  -20  min  for  hy¬ 
drolysis  of  the  AM-ester.  Following  drug  addition,  images  were 
collected  every  90  s  for  -60  min  using  confocal  microscopy. 
Three  basal  images  were  recorded  before  drug  addition  and 
average  pixels  per  cell  were  determined  (indicative  of  fluo-4 
fluorescence  and,  therefore,  basal  intracellular  Ca2+  levels) 
and  used  for  analyses  over  time.  The  fluorescence  of  basal 
images  were  averaged  and  set  to  equal  one;  fold  increases  were 
determined  from  changes  in  fluo-4  fluorescence  over  control. 

After  exposure  to  8  /xm  0-Lap,  MCF-7  cells  exhibited  an 
—2-fold  increase  in  fluo-4  fluorescence  from  4  to  9  min,  after 
which  time  Ca2+  levels  returned  to  basal  levels  in  a  majority  of 
cells  examined  (43  of  50,  86%)  (Fig.  3A).  The  rise  in  intracellu¬ 
lar  Ca2+  levels  in  MCF-7  cells  following  0-Lap  exposure  was 
prevented  by  preloading  cells  with  BAPTA-AM  (20  pM)  (Fig. 
3B).  Interestingly,  not  all  0-Lap-exposed  MCF-7  cells  were 
affected  by  pre treatment  with  BAPTA-AM;  3  of  26  cells  (12%) 
exhibited  a  rise  in  intracellular  Ca2+  levels  after  exposure  to 
0-Lap  despite  the  presence  of  this  Ca2+  chelator.  However, 
BAPTA-AM  pretreated  MCF-7  cells  that  did  exhibit  a  rise  in 
intracellular  Ca2+  levels  following  0-Lap  treatment  exhibited  a 
similar,  but  delayed  Ca2+  increase  (10-20  min),  as  compared 
with  0-Lap-exposed  MCF-7  cells  in  the  absence  of  BAPTA-AM 
(4-9  min).  This  may  be  due  to  a  saturation  of  the  chelator  or 
heterogeneity  of  the  tumor  cell  population.  These  results  are 
consistent  with  previous  reports  that  the  buffering  capacity  of 
BAPTA-AM  may  be  overwhelmed  with  time  (34,  46).  Higher 
doses  of  BAPTA-AM  were  not  used  due  to  toxicity  caused  by  the 
drug  alone  (data  not  shown). 

Since  the  ER  is  a  major  store  of  Ca2+  in  the  cell,  we  tested  if 
the  initial  rise  in  intracellular  Ca2+  levels  after  exposure  of 
MCF-7  cells  to  0-Lap  was  due  to  release  of  Ca2+  from  this 
organelle.  If  0-Lap  exposure  led  to  release  of  Ca2+  stored  in  the 
ER,  then  TG  (a  sarcoplasmic  reticulum  Ca2+-ATPase  pump 
inhibitor)  administration  should  not  cause  additional  Ca2+  re¬ 
lease.  Similarly,  if  the  sequence  of  drug  administration  were 
reversed,  additional  Ca2+  release  would  also  not  be  observed. 
When  0-Lap  was  added  after  TG-induced  depletion  of  ER  Ca2+ 
stores,  no  measurable  rise  in  intracellular  Ca2+  levels  occurred 
in  25  of  27  (93%)  cells  analyzed  (Fig.  3C).  Similarly,  when  TG 
was  added  to  cells  after  0-Lap,  only  1  of  18  (6%)  cells  that 
initially  responded  to  0-Lap  exhibited  a  rise  in  intracellular 
Ca2+  levels  following  subsequent  TG  administration  (Fig.  3D). 
At  the  end  of  the  experiment,  all  cells  analyzed  remained 
responsive  to  ionomycin.  Thus,  cells  exposed  to  0-Lap  and/or 
TG  were  still  capable  of  altering  Ca2+  levels,  and  the  Ca2+ 
indicator  dye  was  not  saturated.  We  noted  that  the  increase  in 
fluo-4  fluorescence  (2-3-fold  over  basal  levels,  Fig.  3A)  in 
MCF-7  cells  observed  after  exposure  to  0-Lap  was  comparable 
to  that  elicited  by  TG  (1.5-2.5-fold  over  basal  levels,  Fig.  30, 
further  suggesting  that  the  two  agents  mobilized  the  same  ER 
pool  of  Ca2+.  All  cells  analyzed  started  with  comparable  basal 
levels  of  Ca2+  and  appeared  to  load  equal  amounts  of  the 
indicator  dye,  as  determined  by  basal  fluorescence  (measured 
by  pixels  per  cell)  at  the  beginning  of  each  analysis;  relative 
basal  fluo-4  fluorescence  for  each  experiment  in  Fig.  3  were:  A, 
56  ±  7;  B,  52  ±  7;  C,  78  ±  8;  D,  79  ±  8  S.E.  Untreated  or 
BAPTA-AM-loaded  MCF-7  cells  did  not  show  any  fluctuations 
in  basal  Ca2+  levels  during  the  time  course  of  the  experiment, 
nor  did  any  of  the  drugs  interfere  with  the  Ca2+  indicator  dye 
(data  not  shown). 
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Fig.  3.  Intracellular  Ca2+  changes  after  /3-Lap.  Intracellular  Ca2+  levels  were  measured  in  live  cells  via  confocal  microscopy  using  the  Ca2+ 
indicator  dye,  fluo-4-AM.  MCF-7  cells  were  loaded  with  either  fluo-4-AM  alone  (A,  C,  and  D)  or  fluo-4-AM  and  20  p M  BAPTA-AM  (B).  /3-Lap  (8  /xm) 
was  added  to’ cells  after  basal  images  were  recorded.  Images  were  collected  every  90  s  for  45-75  min,  as  indicated.  The  number  in  the  upper  right 
corner  of  each  Ca2+  image  represents  the  time  (min)  after  /3-Lap  addition.  A,  representative  cells  before  and  after  /3-Lap  treatments  are  shown  as 
pseudocolored  images.  These  results  are  also  displayed  in  graph  form  showing  fold  change  (as  compared  with  basal  levels)  in  fluo-4  fluorescence 
in  cells  after  /3-Lap  treatment  over  time,  with  or  without  co-loading  of  BAPTA-AM  (A  and  B).  C,  TG  (200  nM)  was  added  to  MCF-7  cells  after  basal 
images  were  recorded.  Once  fluo-4  fluorescence  returned  to  basal  levels,  cells  were  subsequently  exposed  to  /3-Lap.  D,  /3-Lap  was  added  to  MCF-7 
cells  after  basal  images  were  recorded.  After  fluo-4  fluorescence  returned  to  basal  levels,  TG  was  subsequently  added  to  the  cells.  Each  line 
represents  the  change  in  fluo-4  fluorescent  emission  of  an  individual  cell  over  time;  each  graph  is  representative  of  one  of  at  least  three  independent 
experiments. 


Loss  of  Mitochondrial  Membrane  Potential  After  fi-Lap  Is 
Attenuated  by  Intracellular,  but  Not  Extracellular,  Ca2+  Che¬ 
lation — Mitochondrial  membrane  potential  was  previously 
shown  to  drop  from  a  hyperpolarized  state  to  a  depolarized 
state  after  treatment  of  various  human  cancer  cells  with  j3-Lap 
(41).  A  drop  in  mitochondrial  membrane  potential  in  /3-Lap- 
treated  cells  was  accompanied  by  a  concomitant  release  of 
cytochrome  c  into  the  cytosol  (41).  To  explore  whether  early 
changes  in  intracellular  Ca2+  levels  were  upstream  of  mito¬ 
chondrial  changes  in  NQO  1-expressing  breast  cancer  cells,  log 
phase  MCF-7  cells  were  pretreated  for  30  min  with  either  10 
pM  BAPTA-AM  or  3  mM  EGTA  and  then  exposed  to  5  pu  /3-Lap 
for  4  h.  Prior  to  analyses,  cells  were  loaded  with  JC-1,  a  cationic 
dye  commonly  used  to  monitor  alterations  in  mitochondrial 
membrane  potential  (47,  48).  Mitochondrial  depolarization 
measurements  using  JC-1  were  indicated  by  a  decrease  in  the 
red/green  fluorescence  intensity  ratio  (a  movement  of  events 
from  upper  left  to  lower  right ,  Fig.  4),  as  seen  following  a  10-min 
treatment  with  the  potassium  ionophore,  valinomycin  (100  nM), 
which  causes  a  collapse  of  mitochondrial  membrane  potential 
by  uncoupling  mitochondrial  respiration  (Fig.  4c)  (49);  cells  in 
the  upper  left-hand  quadrant  exhibited  high  mitochondrial 
membrane  potential,  whereas,  cells  in  the  lower  right-hand 
quadrant  have  low  mitochondrial  membrane  potential  and  are 
depolarized.  Cells  in  the  upper  right-hand  quadrant  exhibited 
intermediate  membrane  potential.  Mitochondrial  membrane 
potential  decreased  in  MCF-7  cells  in  a  time-  and  dose-depend¬ 
ent  manner  following  exposure  to  /3-Lap  (Figs.  4,  a-d ,  and  data 
not  shown).  By  4  h,  the  majority  of  /3-Lap-treated  MCF-7  cells 


exhibited  low  mitochondrial  membrane  potential  (53%),  while 
the  majority  of  control  cells  maintained  high  mitochondrial 
membrane  potential  (51%)  (Fig.  4,  b,  a  and  g,  f  respectively). 
This  drop  in  mitochondrial  membrane  potential  observed  4  h 
after  treatment  with  /3-Lap  (low,  53%)  was  abrogated  by  pre¬ 
treatment  with  BAPTA-AM  (low,  23%),  but  not  by  EGTA  (low, 
48%)  (Fig.  4,  g-i,  respectively).  Pretreatment  with  10  pu 
BAPTA-AM  prevented  the  decrease  in  mitochondrial  mem¬ 
brane  potential  (low,  23%);  however,  BAPTA-AM  did  not  main¬ 
tain  /3-Lap-exposed  cells  in  a  high-potential  state  (high,  28%)  as 
observed  in  control  untreated  cells  (high,  51%).  Approximately 
half  of  the  BAPTA-AM-exposed  cells  were  in  an  intermediate 
membrane  potential  state  (45%)  (Fig.  Ah).  We  noted,  however, 
that  BAPTA-AM  or  EGTA  exposures  alone  caused  depolariza¬ 
tion  of  the  mitochondria,  with  a  majority  of  the  cells  residing  in 
the  same  intermediate  energized  state  as  observed  following 
BAPTA-AM  and  /3-Lap  (Fig.  4,  j-k).  Therefore,  BAPTA-AM 
prevented  mitochondrial  depolarization  induced  by  /3-Lap  to 
the  same  extent  as  in  cells  treated  with  BAPTA-AM  alone. 
Pretreatment  with  3  mM  EGTA  did  not  affect  the  loss  of  mito¬ 
chondrial  membrane  potential  caused  by  /3-Lap  (low  48%),  im¬ 
plying  that  an  early  rise  in  intracellular  Ca2+  levels  from 
intracellular  stores  was  sufficient  to  cause  a  drop  in  mitochon¬ 
drial  membrane  potential,  and  that  extracellular  calcium  was 
not  needed  for  these  effects  in  /3-Lap-treated  cells  (Fig.  4,  h-i). 

Loss  of  ATP  After  fi-Lap  Is  Attenuated  by  Intracellular  Ca2+ 
Chelation — The  bioactivation  of  /3-Lap  by  NQOl  is  thought  to 
lead  to  a  futile  cycling  between  quinone  and  hydroquinone 
forms  of  the  compound,  presumably  due  to  the  instability  of  the 
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Fig.  4.  0-Lap-induced  loss  of  mitochondrial  membrane  potential  is  mediated  by  alterations  in  Ca2+  homeostasis.  Mitochondrial 
membrane  potential  was  measured  in  control  or  drug-treated  MCF-7  cells  with  the  JC-1  dye.  A,  cells  were  treated  with  5  pU  /3-Lap  and  assayed 
for  changes  in  mitochondrial  membrane  potential  at  1, 2,  and  4  h  post-treatment.  Exposure  of  MCF-7  cells  to  100  nM  valinomycin  for  15  min  served 
as  a  positive  control  as  described  (49).  Cells  in  the  upper  left-hand  quadrant  exhibit  high  mitochondrial  membrane  potential,  while  cells  in  the  lower 
right-hand  quadrant  exhibit  low  mitochondrial  membrane  potential.  B,  cells  were  treated  for  30  min  with  either  10  /am  BAPTA-AM  or  3  mM  EGTA 
prior  to  a  4-h  treatment  with  5  /iM  /3-Lap.  At  4  h,  cells  were  harvested  for  analyses  of  changes  in  mitochondrial  membrane  potential  using  JC-1 
as  described  above.  Shown  are  representative  experiments  performed  at  least  three  times,  and  numbers  in  each  quadrant  represent  the  average 
of  cells  in  that  quadrant  of  at  least  three  independent  experiments.  S.E.  for  any  single  number  was  not  more  than  11%. 


hydroquinone  form  of  /3-Lap  (5).  This  futile  cycling  led  to  de¬ 
pletion  of  NADH  and  NADPH,  electron  donors  for  NQOl  in  in 
vitro  assays  (5).  Exhaustion  of  reduced  enzyme  co-factors  may 
be  a  critical  event  for  the  activation  of  the  apoptotic  pathway  in 
NQO  1-expressing  cells  following  /3-Lap  exposure.  We,  there¬ 
fore,  measured  intracellular  ATP  and  ADP  in  log-phase  MCF-7 
cells  after  various  doses  and  times  of  /3-Lap  (using  a  luciferase- 
based  bioluminescent  assay  (42)).  Intracellular  ATP  levels 
were  reduced  in  MCF-7  cells  after  treatment  with  /3-Lap  in  a 
dose-  and  time-dependent  manner  (Fig.  5A).  At  all  doses  of 
/3-Lap  above  the  LD50  of  the  drug  (—2.5  /am)  in  MCF-7  cells  (2), 
intracellular  ATP  levels  were  reduced  by  >85%  at  4  h,  the  time 
at  which  drug  was  removed  (Fig.  5A,  left);  the  loss  of  ATP 
correlated  well  with  /3-Lap-induced  cell  death  in  MCF-7  cells 
(Fig.  1C).  ADP  levels  remained  relatively  unchanged  after  var¬ 
ious  doses  of  /3-Lap,  however,  the  [ATP]/[ADP]  [PJ  ratio  de¬ 
creased  dramatically.  Intracellular  ATP  levels  began  to  drop  to 
70%  of  control  levels  2  h  after  5  pi m  /3-Lap  exposure,  the  time  at 
which  /3-Lap  began  to  elicit  mitochondrial  membrane  depolar¬ 
ization  (Figs.  5,  A,  right ,  and  4,  c).  ATP  levels  continued  to  drop 
to  8%  of  control  levels  by  4  h  after  drug  exposure  (Fig.  5A, 
right).  In  contrast,  ADP  levels  remained  relatively  unchanged 
during  the  course  of  the  experiment,  with  an  increase  at  30  min 
(172%  control  levels)  that  returned  to  control  levels  by  1  h 
post-treatment.  Cellular  ATP  levels  in  /3-Lap-treated  cells  did 
not  appear  to  recover  to  normal  levels  within  the  6-24-h  inter¬ 
val  after  drug  removal  (data  not  shown). 

Loss  of  ATP  following  /3-Lap  was  prevented  by  a  30-min 
pretreatment  with  an  intracellular  Ca2+  chelator,  but  not  an 
extracellular  Ca2+  chelator  (Fig.  5B).  At  4  h,  pretreatment  with 
10  or  30  pM  BAPTA-AM  elicited  only  58 -and  43%  ATP  loss, 
respectively,  compared  with  /3-Lap  alone  (92%  loss).  The  extra¬ 
cellular  Ca2+  chelator,  EGTA,  did  not  significantly  affect  the 
loss  of  ATP,  nor  [ATP]/[ADP]  [PJ  ratio  observed  in  MCF-7  cells 
after  /3-Lap  treatment  (Fig.  5 B).  Exposure  of  MCF-7  cells  to  TG 
(200  nM)  did  not  elicit  decreases  in  ATP  or  ADP  levels  4  h  after 
drug  exposure,  compared  with  untreated  control  cells. 

Ca2+  Chelators  Prevent  /3- Lap-induced  Proteolysis — We  pre¬ 
viously  showed  that  apoptosis  in  various  breast  cancer  cell 
lines  induced  by  /3-Lap  was  unique,  causing  a  pattern  of  PARP 
and  p53  intracellular  cleavage  events  distinct  from  those  in¬ 


duced  by  caspase  activating  agents  (12).  After  /3-Lap  treatment, 
we  observed  an  ~60-kDa  PARP  cleavage  fragment  and  specific 
cleavage  of  p53  in  NQO  1-expressing  breast  cancer  cells.  Fur¬ 
thermore,  we  showed  that  this  proteolysis  in  /3-Lap-treated 
cells  was  the  result  of  activation  of  a  Ca2+ -dependent  protease 
with  properties  similar  to  pi- calpain  (12).  PARP  and  p53  prote¬ 
olysis  in  /3-Lap-exposed,  NQO  1-expressing  cells  was  prevented 
by  pre treatment  with  the  extracellular  Ca2+  chelators,  EGTA 
and  EDTA,  in  a  dose-dependent  manner  (at  8  and  24  h)  (Ref. 
12,  and  data  not  shown).  Additionally,  PARP,  p53,  and  lamin  B 
proteolysis  induced  at  24  h  in  MCF-7  cells  following  /3-Lap 
treatment  were  abrogated  by  pretreatment  with  10  or  30  /am 
BAPTA-AM  (Fig.  6).  These  data  strongly  suggest  that  a  Ca2+- 
dependent  pathway  and  potentially  a  Ca2+-dependent  protease 
are  operative  in  /3-Lap-mediated  apoptosis. 

A  simple  explanation  for  the  aforementioned  results  could  be 
that  BAPTA  blocks  bioactivation  of  /3-Lap  by  NQOl  in  a  man¬ 
ner  similar  to  that  of  dicumarol  (5).  However,  BAPTA  (free 
acid)  did  not  affect  the  enzymatic  activities  of  NQOl  using 
standard  enzymatic  assays  (data  not  shown)  (5).  The  free  acid 
(active)  form  of  BAPTA,  instead  of  its  -AM  ester  form,  was 
used  in  these  assays  since  intracellular  accumulation  of  this 
Ca2+  chelator  was  not  necessary  and  was  physiologically  rele¬ 
vant  in  the  in  vitro  enzyme  assay.  Using  /3-Lap  as  a  substrate, 
NQOl  enzymatic  activity  in  the  presence  of  10  mM  BAPTA  (a 
dose  of  the  free  acid  form  of  BAPTA  that  was  >  1000-fold  higher 
than  that  used  in  the  experiments  of  Figs.  1-6)  was  reduced  by 
<20%.  Thus,  BAPTA-AM  did  not  affect  the  activity  of  NQOl,  a 
two-electron  reductase  required  for  /3-Lap  cytotoxicity  (5).  We 
conclude  that  BAPTA-AM  prevents  /3-Lap-induced  apoptosis  by 
blocking  Ca2+ -mediated  signaling  events  via  chelating  intra¬ 
cellular  Ca2+. 

/3 -Lap  Bioactivation  by  NQOl  Is  Critical  for  Ca2+ -mediated 
Signaling — We  previously  reported  that  cells  expressing  NQOl 
are  more  sensitive  to  the  cytotoxic  effects  of  /3-Lap  (5).2  NQOl 
is  inhibited  by  dicumarol,  which  competes  with  NADH  or 
NADPH  for  binding  to  the  oxidized  form  of  the  enzyme.  Dicum¬ 
arol  thereby  prevents  reduction  of  quinones  (50,  51).  We  dem¬ 
onstrated  that  dicumarol  attenuates  /3-Lap-mediated  proteoly¬ 
sis  of  apoptotic  substrates  ( e.g .  PARP  and  p53),  apoptosis,  and 
survival  in  NQOl-expressing  cells  (5).2  As  expected,  increases 
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Fig.  5.  ATP  depletion  after  /3-Lap  treatment  is  Ca2+  depend¬ 
ent.  Intracellular  ATP  and  ADP  levels  were  measured  using  a  lucif- 
erase-based  bioluminescent  assay.  A ,  cells  were  treated  with  the  indi¬ 
cated  dose  of  /3-Lap  for  4  h  or  were  treated  with  5  /am  /3-Lap  for  the  time 
indicated,  and  harvested  for  ATP  analyses.  ATP  levels  were  expressed 
as  nanomoles  of  ATP  per  106  cells.  Purified  ATP  was  used  as  a  standard 
to  determine  intracellular  ATP  concentrations.  B,  cells  were  either 
pretreated  or  untreated  with  the  indicated  Ca2+  chelators  for  30  min 
prior  to  drug  addition,  and  /3-Lap  (5  /xM)  was  then  added  for  4  h.  Cells 
were  harvested  for  analyses  following  /3-Lap  exposure.  Results  repre¬ 
sent  the  average  of  at  least  three  independent  experiments,  ±  S.E. 
Student’s  t  test  for  paired  samples,  experimental  group  compared  with 
drug  alone  are  indicated  (*,  p  <  0.05;  **,  p  <  0.01). 


in  intracellular  Ca2+  levels  in  NQO  1-expressing  human  cancer 
cells  elicited  by  /3-Lap  were  abrogated  by  co-treatment  with  50 
pM  dicumarol  in  26  of  27  cells  (96%)  examined  (Fig.  7 A,  lower 
panel).  The  ability  of  dicumarol  to  inhibit  increases  in  intracel¬ 
lular  Ca2+  levels  was  greater  than  that  observed  with  BAPTA- 
AM,  where  intracellular  Ca2+  level  increases  were  prevented  in 
only  89%  of  cells  examined  (Fig.  323).  Thus,  NQOl  was  critical 
for  the  rise  in  intracellular  Ca2+  levels  observed  in  MCF-7  cells 
after  /3-Lap  exposure. 

Mitochondrial  membrane  depolarization  induced  by  /3-Lap 
was  also  abrogated  by  pretreatment  with  dicumarol  (Fig.  723). 
By  4  h,  the  majority  of  /3-Lap-treated  cells  exhibited  low  mito¬ 
chondrial  membrane  potential  (58%),  while  very  few  control 
cells  were  depolarized  (9%)  (Fig.  723).  Pretreatment  with  di¬ 
cumarol  attenuated  this  response  to  /3-Lap,  with  only  34% 
being  depolarized.  The  inability  of  dicumarol  to  prevent  mito¬ 
chondrial  depolarization  in  34%  of  /3-Lap-treated  cells  was 
probably  due  to  the  high  background  of  control  cells  (20%)  that 
were  depolarized  after  exposure  to  dicumarol  alone.  In  compar¬ 
ison  with  intracellular  Ca2+  buffering,  BAPTA-AM  elicited 
only  a  minor  depolarization  of  the  mitochondria  on  its  own 
(low,  14%)  and  thus  was  able  to  elicit  a  greater  protective  effect 
(Fig.  423);  only  23%  of  cells  exposed  to  BAPTA-AM  and  /3-Lap 
exhibited  low  mitochondrial  membrane  potential  as  compared 
with  /3-Lap  exposed  cells  in  the  presence  of  dicumarol  (34%). 
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Fig.  6.  Intracellular  Ca2+  chelators  prevent  apoptotic  proteol¬ 
ysis  after  /3-Lap  treatment.  Apoptotic  proteolysis  was  measured  in 
MCF-7  cells  exposed  to  a  4-h  pulse  of  5  pM  /3-Lap,  with  or  without  a 
30-min  pretreatment  of  the  indicated  dose  of  BAPTA-AM.  Whole  cell 
extracts  were  prepared  24  h  after  drug  addition,  and  analyzed  using 
standard  Western  blotting  techniques  with  antibodies  to  PARP,  p53, 
and  lamin  B.  Shown  is  a  representative  Western  blot  of  whole  cell 
extracts  from  experiments  performed  at  least  three  times. 


The  dramatic  loss  of  intracellular  ATP  in  MCF-7  cells  follow¬ 
ing  /3-Lap  exposure  was  inhibited  by  a  30-min  pretreatment 
with  50  pM  dicumarol  (Fig.  7C).  /3-Lap-treated  MCF-7  cells 
pretreated  with  dicumarol  exhibited  only  34%  loss  of  intracel¬ 
lular  ATP,  compared  with  92%  loss  after  /3-Lap  treatment  alone 
(Fig.  7C).  ADP  levels  were  not  altered  by  any  of  the  treatments 
used,  however,  the  [ATP]/[ADP]  [PJ  ratio  decreased  dramati¬ 
cally  in  /3-Lap-treated  cells,  and  was  only  partially  decreased 
with  dicumarol  pre treatment  alone,  as  compared  with  control 
untreated  cells. 

Dicumarol  also  abrogated  DNA  fragmentation  induced  by 
/3-Lap  in  MCF-7  cells.  MCF-7  cells  exhibited  94%  apoptosis 
following  /3-Lap  exposure  that  was  prevented  by  a  30-min  pre¬ 
treatment  with  50  /xm  dicumarol;  only  6%  of  the  cells  staining 
positive  in  a  TUNEL  assay  at  24  h  post-treatment  (Fig.  723). 
These  data  are  consistent  with  prior  results  (5),  and  correlate 
well  with  the  survival  protection  afforded  by  dicumarol  to 
/3-Lap-treated  cells.  Dicumarol  did  not  induce  DNA  fragmenta¬ 
tion  on  its  own.  These  data  are  consistent  with  the  protection 
from  apoptosis  observed  with  either  intra-  and  extracellular 
Ca2+  chelators.  BAPTA-AM  or  EGTA  protected  /3-Lap  exposed 
MCF-7  cells  from  apoptosis  (Fig.  1,  A  and  23).  Collectively,  these 
data  implicate  the  bioactivation  of  /3-Lap  by  NQOl  as  a  critical 
step  in  the  rise  of  intracellular  Ca2+  levels  following  /3-Lap 
exposure,  and  thus  /3-Lap-mediated  downstream  apoptotic 
events. 

DISCUSSION 

When  homeostatic  mechanisms  for  regulating  cellular  Ca2+ 
are  compromised,  cells  may  die,  either  by  necrosis  or  apoptosis 
(20,  21,  36).  We  demonstrated  that  bioactivation  of  /3-Lap  by 
NQOl  induced  cell  death  in  a  manner  that  was  dependent  upon 
Ca2+  signaling  (Figs.  1-6).  /3-Lap  can  be  reduced  by  NQOl  and 
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Fig.  7.  NQOl-dependent  activation  of  /3-Lap  is  critical  for  Ca2+ 
signaling.  A ,  intracellular  Caz+  was  measured  on  live  cells  using  the 
Ca2+  indicator  dye,  fluo-4-AM,  and  confocal  microscopy  as  described  in 
the  legend  to  Fig.  3.  Three  basal  images  were  recorded  before  drug 
treatments.  /3-Lap  (8  /am)  was  then  added  to  MCF-7  cells,  either  alone 
( upper  panel)  or  in  combination  with  50  /am  dicumarol  ( lower  panel). 
Images  were  collected  every  90  s  for  50-60  min.  Shown  are  represent¬ 
ative  graphs  displaying  changes  in  fluo-4  fluorescence  for  the  duration 
of  the  experiment.  Each  line  represents  the  fold  change  in  fluo-4  fluo¬ 
rescent  emission  (as  compared  with  basal  levels)  of  an  individual  cell 
from  one  experiment,  and  the  graph  is  representative  of  experiments 
performed  at  least  three  times.  B,  mitochondrial  membrane  potential 
was  measured  using  the  JC-1  dye  as  described  in  the  legend  to  Fig.  4. 
MCF-7  cells  were  treated  with  50  /am  dicumarol  30  min  prior  to  /3-Lap 
exposure.  Four  hours  later,  cells  were  harvested  for  analyses  of  mito¬ 
chondrial  membrane  potential.  Shown  are  mean  ±  S.E.  of  the  percent¬ 
age  of  cells  with  low  mitochondrial  membrane  potential  of  at  least  two 
independent  experiments.  C,  ATP  and  ADP  levels  were  assayed  as 
described  in  the  legend  to  Fig.  5.  Cells  were  pretreated  with  dicumarol 
for  30  min  prior  to  drug  addition,  5  /am  /3-Lap  was  added  for  4  h,  and 
cells  were  harvested  immediately  thereafter  for  analyses.  Results  rep¬ 
resent  the  mean  of  at  least  three  independent  experiments  ±  S.E. 
Student’s  t  test  for  paired  samples,  experimental  groups  compared  with 
drug  alone  are  indicated  (*  p  <  0.05).  D,  apoptosis,  using  the  TUNEL 
assay,  was  assessed  as  per  Fig.  1.  MCF-7  cells  were  treated  with  50  /am 
dicumarol  30  min  prior  to  a  4-h  exposure  of  5  /am  /3-Lap.  Cells  were  then 
harvested  for  TUNEL  analyses  at  24  h  post- treatment.  Shown  are 
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Fig.  8.  Proposed  model  for  /3-lapachone-mediated  apoptosis  in 
NQOl-expressing  cells.  In  cells  that  express  NQOl,  /3-Lap  is  reduced 
from  the  quinone  (/3 -lap-Q)  to  the  hydroquinone  (fi-lap-HQ)  form  in  a 
futile  cycle  that  results  in  dramatic  losses  of  NAD(P)H  (5).  During  the 
metabolism  of  /3-Lap  by  NQOl,  Ca2+  is  subsequently  released  from  the 
ER  causing  a  rise  in  cytosolic  Ca2*  levels  by  an  as  yet  unknown 
mechanism.  To  maintain  low  cytoplasmic  Ca2+  levels,  we  theorize  that 
mitochondria  sequester  Ca2+  and  numerous  cellular  ATPases  probably 
function  to  pump  Ca2+  out  of  the  cytosol.  This  leads  to  mitochondrial 
membrane  depolarization  and  ATP  hydrolysis,  respectively  (Figs.  4  and 
5).  Sustained  depolarization  of  the  mitochondrial  membrane  leads  to 
further  loss  of  ATP  and  prevents  ATP  synthesis  by  inhibiting  respira¬ 
tion.  The  loss  of  ATP  disrupts  ionic  homeostasis  within  the  cell  and 
thereby  allows  extracellular  Ca2+  to  enter  the  cell  down  its  concentra¬ 
tion  gradient  (see  “Discussion”).  The  secondary  rise  in  cytosolic  Ca2+ 
levels  leads  to  protease  (presumably  activation  of  calpain  or  a  calpain- 
like  protease)  and,  thus,  endonuclease  (DFF40)  activation,  ultimately 
resulting  in  apoptosis. 


may  undergo  futile  cycling  between  quinone  and  hydroquinone 
forms  (/3-Lap-Q  and  /3-Lap-HQ,  Fig.  8),  presumably  depleting 
NADH  and/or  NADPH  in  the  cell  (5).  We  theorize  that  deple¬ 
tion  of  NAD(P)H,  along  with  a  rise  in  intracellular  Ca2+  levels 
in  response  to  /3-Lap,  activate  a  novel  caspase-independent 
apoptotic  pathway,  as  described  in  this  paper  and  previously  (2, 
5,  12).  The  rise  in  intracellular  Ca2+  appears  to  be  dependent 
upon  the  bioactivation  of  /3-Lap  by  NQOl,  suggesting  a  critical 
and  necessary  signaling  role  for  Ca2+  in  the  downstream 
apoptotic  pathway  induced  by  this  drug.  Dicumarol  completely 
abrogated  intracellular  Ca2+  changes  (Fig.  7),  as  well  as  apo¬ 
ptosis  and  survival,  following  /3-Lap  exposure  of  NQOl-ex¬ 
pressing  cells  (5). 2  When  increases  in  intracellular  Ca2+  levels 
were  directly  prevented  by  pretreatment  with  BAPTA-AM, 
downstream  apoptotic  responses,  as  well  as  lethality,  caused  by 
/3-Lap  were  prevented;  when  corrected  for  BAPTA-AM  affects 
alone,  /3-Lap-induced  apoptosis,  proteolysis,  and  lethality  were 
essentially  blocked  by  preventing  early  Ca2+  release  from  ER 
stores.  Thus,  correcting  for  the  BAPTA-AM  affects  alone,  the 
role  of  Ca2+  in  /3-Lap-mediated  apoptosis  may  be  more  signif¬ 
icant  that  that  revealed  by  the  data  shown.  These  data  strongly 


mean  ±  S.E.  of  at  least  three  independent  experiments.  Student’s  t  test 
for  paired  samples,  experimental  groups  compared  with  /3-Lap  exposure 
alone  are  indicated  (*,p  <  0.005).  DC,  50  /am  dicumarol. 
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suggest  that  DNA  fragmentation,  mitochondrial  membrane  de¬ 
polarization,  ATP  loss,  and  apoptotic  proteolysis  were  a  conse¬ 
quence  of  the  increase  in  intracellular  Ca2+  levels  (Figs.  1-6 
and  8).  Interestingly,  the  cell  death  pathway  induced  by  j3-Lap 
was  quite  distinct  from  that  observed  after  exposure  to  TG,  an 
agent  known  to  specifically  cause  release  of  Ca2+  from  ER 
stores  and  mediate  caspase-dependent  apoptosis  (24,  28,  33, 
52).  Thus,  Ca2+  release  was  necessary  for  0-Lap-induced  cyto¬ 
toxicity,  but  apparently  not  sufficient  for  the  unique  apoptotic 
responses  induced  by  /3-Lap. 

P-Lap  and  TG-induced  Similar  Ca2+  Responses ,  but  Differ¬ 
ent  Patterns  of  Apoptosis— 0~Lap  elicited  an  early  rise  in  intra¬ 
cellular  Ca2+  levels  from  the  same  ER  store  as  released  by  TG, 
however,  subsequent  cell  death  processes  were  remarkably 
different  between  the  two  compounds.  TG  is  known  to  cause 
transient  increases  in  intracellular  Ca2+  levels,  however,  these 
were  insufficient  to  induce  apoptosis.  Much  like  /3-Lap,  Ca2+ 
was  needed  from  the  extracellular  milieu,  along  with  a  sus¬ 
tained  increase  in  intracellular  Ca2+  levels,  for  TG-induced 
apoptosis  (23)  in  MCF-7  cells  (27).  Depolarization  of  the  mito¬ 
chondrial  membrane  potential  and  loss  of  intracellular  ATP  in 
cells  exposed  to  /3-Lap,  may  have  prevented  plasma  membrane 
Ca2+  pumps  and  ER  Ca2+  pumps  from  functioning  and  main¬ 
taining  Ca2+  homeostasis.  This,  in  turn,  may  have  facilitated 
Ca2+  leakage  down  its  concentration  gradient  into  the  cytosol, 
providing  a  secondary  and  sustained  elevation  of  Ca2+  that 
initiated  a  protease  cascade(s)  and  ultimately  caused  apoptosis 
after  exposure  to  /3-Lap.  This  is  consistent  with  what  we  ob¬ 
served  in  NQO  1-expressing  cells  after  /3-Lap  treatment  and 
co-administration  of  Ca2+  chelators.  Buffering  intracellular 
Ca2+  with  BAPTA-AM  partially  abrogated  all  of  the  down¬ 
stream  events  induced  in  MCF-7  cells  by  /3-Lap  (and  thus 
prevented  secondary  Ca2+  entry  by  buffering  the  initial  rise  in 
cytosolic  Ca2+).  In  contrast,  extracellular  chelation  by  EGTA 
only  prevented  those  events  initiated  by  secondary  Ca2+  entry 
( e.g .  protease  activation  and  DNA  fragmentation).  Thus,  a  sec¬ 
ondary  rise  in  intracellular  Ca2+  levels  after  exposure  to  /3-Lap 
seems  probable,  and  necessary,  for  protease  activation  and 
DNA  fragmentation  as  was  observed  for  TG-induced  caspase- 
mediated  apoptosis  (23,  27).  However,  a  secondary  influx  of 
Ca2+  does  not  appear  to  be  necessary  for  reduction  in  mito¬ 
chondrial  membrane  potential  or  loss  of  intracellular  ATP  after 
/3-Lap  exposure,  since  EGTA  did  not  prevent  these  responses. 

Although  MCF-7  cells  treated  with  /3-Lap  had  similar  cal¬ 
cium  responses,  as  do  TG-exposed  cells,  /3-Lap-exposed  cells 
exhibited  a  very  different  pattern  of  apoptosis  than  TG-treated 
cells.  /3-Lap-exposed  cells  exhibit  loss  of  intracellular  ATP  and 
a  decrease  in  the  [ATPl/lADPliPJ  ratio.  In  contrast,  TG-ex¬ 
posed  cells  did  not  exhibit  loss  of  ATP  (Fig.  5,  and  as  reported 
by  Ref.  53).  Our  data  suggest  that  in  contrast  to  TG  where 
ATP-dependent  caspase  activation  results  in  cell  death  (28,  33, 
34,  54),  an  ATP-independent  protease  is  activated  after  expo¬ 
sure  to  /3-Lap.  Ca2+  may  regulate  apoptosis  by  activating  Ca2+- 
dependent  protein  kinases  and/or  phosphatases  leading  to  al¬ 
terations  in  gene  transcription.  However,  with  the  rapid  loss  of 
intracellular  ATP  after  exposure  to  0-Lap  (2-4  h,  Fig.  5), 
/3-Lap-mediated  cell  death  unlikely  involves  stimulated  ki¬ 
nases  or  phosphatases  or  new  protein  synthesis.  Instead,  indi¬ 
rect  kinase  inhibition,  due  to  ATP  depletion,  along  with  con¬ 
tinued  phosphatase  activity  is  likely.  Consistent  with  this 
notion,  we  found  dramatic  de-phosphorylation  of  pRb  in  cells 
exposed  to  0-Lap  at  3  h  (2),  a  time  consistent  with  loss  of  ATP 
following  exposure  to  this  drug.  Furthermore,  loss  of  ATP  at  2  h 
may  also  be  responsible  for  inhibition  of  NF-kB  activation 
induced  by  tumor  necrosis  factor-a  in  0-Lap  pre-exposed  cells 
(55),  since  significant  loss  of  ATP  would  prevent  proteosome- 


mediated  IkB  degradation.  Thus,  Ca2+-dependent  loss  of  ATP 
in  NQO  1-expressing  cells  following  0-Lap  treatment  may  ex¬ 
plain  the  reported  pleiotropic  effects  of  this  agent. 

0-Lap-exposed  cells  also  exhibited  a  very  different  pattern  of 
substrate  proteolysis  compared  with  that  observed  after  TG  (2, 
12,  28).  We  previously  showed  that  0-Lap  elicited  a  unique 
cleavage  of  PARP  (~60-kDa  fragment),  compared  with  the 
classical  caspase-3-mediated  fragmentation  of  the  protein  (~89 
kDa)  observed  after  TG  exposure  (data  not  shown  and  Ref.  28). 
In  a  variety  of  NQO  1 -expressing  cells  exposed  to  0-Lap,  atyp¬ 
ical  PARP  cleavage  was  inhibited  by  the  global  cysteine  prote¬ 
ase  inhibitors,  iodoacetamide  and  N-ethylmaleimide,  as  well  as 
the  extracellular  Ca2+  chelators,  EGTA  and  EDTA  (12).  In 
addition,  0-Lap-mediated  apoptotic  responses  were  insensitive 
to  inhibitors  of  caspases,  granzyme  B,  cathepsins  B  and  L, 
trypsin,  and  chymotrypsin-like  proteases  (12).  In  contrast,  clas¬ 
sic  caspase  inhibitors  blocked  TG-induced  caspase  activation 
and  apoptosis  (28).  Caspase  activation,  as  measured  by  pro- 
caspase  cleavage  via  Western  blot  analyses,  does  not  occur 
following  0-Lap  exposures.3  Thus,  protease  activation  after 
0-Lap  treatment  appears  to  be  Ca2+ -dependent,  or  alterna¬ 
tively,  is  activated  by  another  protease  or  event  that  is  Ca2+- 
dependent  (Figs.  1-6  and  Ref.  12). 

Loss  of  Reducing  Equivalents  Is  Also  Necessary  for  P-Lap- 
mediated  Apoptosis,  Similar  to  Menadione-mediated  Apopto¬ 
sis — Menadione  is  a  quinone  that  can  be  detoxified  by  NQOl 
two-electron  reduction.  However,  menadione  can  also  be  re¬ 
duced  through  two,  one-electron  reductions  via  other  cellular 
reductases  (56),  thus  eliciting  menadione’s  toxic  effects.  Men¬ 
adione  toxicity,  elicited  via  two,  one-electron  reductions,  exhib¬ 
ited  many  similarities  to  0-Lap-mediated,  NQO  1-dependent, 
toxicity  (5).  These  included:  (a)  elevations  in  cytosolic  Ca2+  (57, 
58);  ( b )  NAD(P)H  depletion  (5,  59,  60);  (c)  ATP  depletion 
(<0.1%  control)3  (61-63);  and  ( d )  mitochondrial  membrane 
potential  depolarization3  (64).  We  previously  demonstrated 
that  menadione  caused  similar  substrate  proteolysis  (p53  and 
atypical  PARP  cleavage)  in  NQO  1-deficient  cells,  or  at  high 
doses  in  cells  that  express  NQOl  where  detoxification  proc¬ 
esses  were  over-ridden  (5). 3  The  semiquinone  form  of  menadi¬ 
one  can  undergo  spontaneous  oxidation  to  the  parent  quinone 
(59,  63,  65,  66);  a  pattern  similar  to  the  futile  cycling  observed 
after  0-Lap  bioactivation  by  NQOl  (5).  Loss  of  reducing  equiv¬ 
alents,  such  as  NADH,  due  to  the  futile  cycling  of  menadione 
may  cause  inactivation  of  the  electron  transport  chain  with  the 
concomitant  loss  of  mitochondrial  membrane  potential,  and 
thus,  loss  of  ATP  (67,  68).  These  responses  were  also  observed 
in  MCF-7  cells  exposed  to  0-Lap  (Figs.  4  and  5).  Extensive 
mitochondrial  Ca2+  accumulation  can  also  mediate  mitochon¬ 
drial  depolarization  (69,  70).  Thus,  Ca2+  sequestration  may 
elicit  mitochondrial  membrane  depolarization  and  consequent 
ATP  depletion  in  cells  exposed  to  0-lap.  These  data  further 
suggest  that  Ca2+  is  necessary  for  0-Lap-mediated  cell  death, 
but  other  factors  are  apparently  needed  for  the  initiation  of  the 
novel  execution  apoptotic  pathway  observed  in  cells  treated 
with  this  compound. 

The  rise  in  intracellular  Ca2+  appears  to  be  dependent  on  the 
bioactivation  of  0-Lap  by  NQOl,  suggesting  a  critical  and  nec¬ 
essary  signaling  role  for  Ca2+  in  the  downstream  apoptotic 
pathway  induced  by  this  drug.  These  data  suggest  that  DNA 
fragmentation,  mitochondrial  membrane  depolarization,  ATP 
loss,  and  apoptotic  proteolysis  were  a  consequence  of  the  in¬ 
crease  in  intracellular  Ca2+  levels.  Work  in  our  laboratory  is 
focused  on  elucidating  the  signaling  response(s)  that  elicits  ER 
Ca2+  release  following  0-Lap  bioactivation  by  NQOl.  The  cell 


3  C.  Tagliarino,  J.  J.  Pink,  and  D.  A.  Boothman,  unpublished  results. 
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death  pathway  induced  by  /3-Lap  is  quite  distinct  from  that 
observed  after  exposure  to  TG,  and  /3-Lap-mediated  apoptosis 
exhibited  many  similarities  to  menadione-mediated  apoptosis. 
These  observations  further  suggest  that  early  release  of  Ca2+ 
from  ER  stores,  as  well  as  influx  of  Ca2+  from  the  extracellular 
milieu  are  necessary,  but  not  sufficient  for  the  novel  apoptotic 
execution  pathway  induced  by  /3-Lap.  Thus,  changes  in  Ca2+ 
homeostasis  in  conjunction  with  the  presumed  loss  of  reducing 
equivalents  are  both  necessary  and  sufficient  for  /3-Lap-medi¬ 
ated  apoptosis.  We  propose  that  development  of  /3-Lap  for  treat¬ 
ment  of  human  cancers  that  have  elevated  NQOl  levels  ( e.g . 
breast  and  lung)  is  warranted  (6).  Since  most  clinical  agents 
used  to  date  kill  cells  by  caspase-dependent  and  p53-dependent 
pathways,  and  many  cancers  evade  death  by  altering  these 
pathways,  development  of  agents  that  kill  by  specific  targets 
(NQOl-mediated)  and  in  p53-  and  caspase-independent  man¬ 
ners  are  needed. 
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0-Lapachone  (/3-lap)  induces  apoptosis  in  various 
cancer  cells,  and  its  intracellular  target  has  recently 
been  elucidated  in  breast  cancer  cells.  Here  we  show 
that  NAD(P)H:quinone  oxidoreductase  (NQ01/xip3) 
expression  in  human  prostate  cancer  cells  is 
a  key  determinant  for  apoptosis  and  lethality 
after  0-lap  exposures,  /3-Lap-treated,  NQOl -deficient 
LNCaP  cells  were  significantly  more  resistant  to  apop¬ 
tosis  than  NQOl-expressing  DU-145  or  PC-3  cells  after 
drug  exposures.  Formation  of  an  atypical  60-kDa 
PARP  cleavage  fragment  in  DU-145  or  PC-3  cells  was 
observed  after  10  p,M  0-lap  treatment  and  correlated 
with  apoptosis.  In  contrast,  LNCaP  cells  required  25 
fiM  0-lap  to  induce  similar  responses.  Atypical  PARP 
cleavage  in  0-lap-treated  cells  was  not  affected  by  100 
/xM  zVAD-fmk;  however,  coadministration  of  dicou- 
marol,  a  specific  inhibitor  of  NQOl,  reduced  0-lap- 
mediated  cytotoxicity,  apoptosis,  and  atypical  PARP 
cleavage  in  NQOl-expressing  cells.  Dicoumarol  did 
not  affect  the  more  0-lap-resistant  LNCaP  cells.  Stable 
transfection  of  LNCaP  cells  with  NQOl  increased  their 
sensitivity  to  0-lap,  enhancing  apoptosis  compared  to 
parental  LNCaP  cells  or  vector-alone  transfectants, 
Dicoumarol  increased  survival  of  0-lap-treated  NQOl- 
expressing  LNCaP  transfectants.  NQOl  activity, 
therefore,  is  a  key  determinant  of  0-lap-mediated  ap¬ 
optosis  and  cytotoxicity  in  prostate  cancer  cells.  ©  2001 

Academic  Press 

Key  Words:  /3-lapachone;  apoptosis;  NQOl;  X-ray-in- 
ducible  protein  3  (xip3);  prostate  cancer;  atypical 
PARP  cleavage;  p53  cleavage. 


INTRODUCTION 

j8-Lapachone  (/3-lap,  3,4-dihydro-2,2-dimethyl-2H- 
naphtho[l,2-b]pyran-5,6-dione)2  is  a  naturally  occur- 

1  To  whom  correspondence  and  reprint  requests  should  be  ad¬ 
dressed.  Fax:  (216)  368-1142.  E-mail:  dab30@po.cwru.edu. 

2  Abbreviations  used:  /3-lap,  /3-lapachone;  b5R,  NADHxytochrome 
b5  reductase;  CFA,  colony-forming  ability;  CPT,  camptothecin; 


ring  o-naphthoquinone  present  in  the  bark  of  the  La- 
pacho  tree  ( Tabebuia  avellanedae)  native  to  South 
America.  The  purified  drug  has  anti-trypanosomal, 
-fungal,  -tumor,  and  -HIV  properties  and  induces  apo¬ 
ptosis  in  a  variety  of  cell  types  [1].  The  mechanism  of 
action  and  intracellular  target(s)  of  the  compound 
have,  however,  remained  elusive  and  prevented  the 
preclinical  development  of  this  drug  for  use  as  an  an¬ 
titumor  or  antiviral  agent.  Using  a  series  of  in  vitro 
assays,  proposed  mechanisms  of  action  for  this  drug 
have  included;  (a)  activation  of  topoisomerase  (Topo)  I 
[2] ;  (b)  induction  of  apoptosis  [3] ;  (c)  inhibition  of  Topo 
I  [1,  4,  5];  (d)  inhibition  of  Topo  II-a  [6];  and  (e)  sup¬ 
pression  of  NF-kB  activation  [7].  /3-lap  can  induce 
apoptosis  in  several  cell  systems,  including  leukemic 
(HL-60),  prostate,  and  breast  cancer  cell  lines  [1,  3,  5]. 
The  apoptotic  response  caused  by  /3-lap  was  indepen¬ 
dent  of  both  p53  status  and  androgen  dependence  in 
human  prostate  cancer  cell  lines  [1].  Camptothecin 
(CPT),  a  Topo  I  poison,  induces  classical  caspase-me- 
diated  apoptotic  responses  [3]. 

We  recently  showed  that  the  enzymatic  activity  of 
NQOl  in  breast  cancer  cell  lines  is  a  key  determinant 
for  /3-lap-mediated  cytotoxicity  [8],  NAD(P)H:quinone 
reductase  (NQOl,  DT  diaphorase,  xip3,  EC  1.6.99.2)  is 
a  flavoenzyme  that  catalyzes  the  two-electron  reduc¬ 
tion  of  quinones  into  their  hydroquinone  form,  bypass¬ 
ing  the  often  mutagenic  semiquinone  intermediate  and 
the  formation  of  free  radicals  [9,  10].  NQOl  detoxifies 
many  quinones  [e.g.,  menadione]  [11,  12]  and  bioacti¬ 
vates  other  compounds,  such  as  mitomycin  C,  strepto- 
nigrin,  or  E09  [13-16].  NQOl  gene  expression  is  wide¬ 
spread,  with  detectable  levels  in  human  heart,  brain, 
placenta,  lung,  skeletal  muscle,  kidney,  and  pancreatic 
tissue,  and  low  or  absent  in  human  liver  [17].  More 


NQOl,  NAD(P)H:quinone  oxidoreductase  1;  PARP,  poly(ADP-rlbo- 
syl)  polymerase;  P450r,  NADHxytochrome  P-450  reductase;  SD, 
standard  deviation;  TUNEL,  terminal  dUTP  nick-end  labeling; 
zVAD-fmk,  benzyloxycarbonyl-val-ala-asp  (OMe)  fluoromethylk- 
etone. 
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importantly,  NQOl  levels  have  been  shown  to  be  sig¬ 
nificantly  up-regulated  (5-  to  20-fold  above  adjacent 
normal  tissue)  in  several  forms  of  cancer,  including 
breast  and  non-small-cell  lung  tumors  [17-19].  Such 
elevations  in  certain  cancers  make  NQOl  a  potential 
target  for  the  development  of  tumor-directed  therapies 
involving  /3-lap  or  its  derivatives  [8,  20]. 

Apoptosis  is  a  genetically  programmed  form  of  cell 
death,  the  initiation  and  execution  of  which  are 
thought  to  be  the  basis  of  lethality  caused  by  many 
chemotherapeutic  agents  [21-23].  Cells  undergoing 
apoptosis  exhibit  characteristic  changes,  including  cell 
shrinkage,  membrane  blebbing,  chromatin  condensa¬ 
tion,  internucleosomal  DNA  cleavage,  and  cleavage  of 
specific  intracellular  substrates  involved  in  cell  struc¬ 
ture,  DNA  repair  [e.g.,  poly(ADP-ribosyl)  polymerase 
(PARP)],  and  general  homeostasis.  These  intracellular 
alterations  are  often  the  result  of  activation  of  a  family 
of  apoptotic  proteases,  including  caspases  [24-28] 
and/or  calpains  [29-32], 

Caspases  are  activated  by  multiple  signaling  path¬ 
ways  during  apoptosis  and  typically  result  in  the  cleav¬ 
age  of  PARP;  the  full-length  113-kDa  polypeptide  is 
cleaved  to  diagnostic  89-kDa  and  24-kDa  proteins  [33], 
In  HL-60  cells,  CPT  induced  an  apoptotic  pathway  that 
included  activation  of  the  caspases,  leading  to  classical 
PARP  cleavage  [20,  34],  HL-60  cells  treated  with  /3-lap 
also  activated  the  caspases  [20].  However,  a  different 
cell  death  response  appeared  to  be  stimulated  by  the 
drug  in  various  human  breast  cancer  cells  [3,  35],  In 
many  breast  cancer  (especially  MCF-7:WS8)  cells,  an 
atypical  PARP  fragmentation  in  vivo  was  noted  at 
times  and  doses  correlating  with  apoptosis.  Apoptotic 
responses  induced  by  /3-lap  were  monitored  by  DNA 
fragmentation  (cells  staining  positive  in  a  TUNEL  as¬ 
say),  dephosphorylation  of  pRb,  lamin  B  cleavage, 
cleavage  of  p53,  and  an  atypical  cleavage  of  PARP, 
leading  to  an  ~60-kDa  fragment.  /3-Lap-mediated 
apoptosis  was  thought  to  involve  the  activation  of  a 
calpain-like  protease  due  to  the  specific  calcium-depen¬ 
dent  cleavage  of  both  p53  and  PARP  [8].  Recently,  our 
laboratory  discovered  that  NQOl  was  the  key  determi¬ 
nant  of  /3-lap  cytotoxicity  in  human  breast  cancer  cell 
lines  [8]. 

In  this  report,  we  demonstrate  that  NQOl  is  also  a 
key  determinant  of  ^-lap-induced  apoptosis  and  lethal¬ 
ity  in  human  prostate  cancer  cell  lines,  suggesting  a 
general  mechanism  of  activation  for  the  compound. 
Variations  in  NQOl  activity  dramatically  affected  the 
sensitivity  of  human  prostate  cancer  cell  lines  to  /3-lap, 
as  determined  by  comparing  various  cell  lines  express¬ 
ing  different  levels  of  the  enzyme,  by  transfection  of 
NQOl  expression  vectors  into  enzyme-deficient  cells, 
and/or  by  the  use  of  the  NQOl  inhibitor,  dicoumarol. 
Coadministration  of  dicoumarol  abrogated  /3-lap-medi¬ 
ated  cytotoxicity  and  downstream  apoptotic  end  points 


in  NQOl -expressing,  but  not  in  NQOl-deficient,  hu¬ 
man  prostate  cancer  cell  lines.  Transfection  of  NQOl- 
deficient  LNCaP  cells  with  NQOl  significantly  en¬ 
hanced  sensitivity  (apoptosis,  substrate  proteolysis, 
and  lethality)  to  /3-lap,  which  was  subsequently 
blocked  by  dicoumarol  coadministration. 

MATERIALS  AND  METHODS 

Compounds  and  drug  preparations.  /3-Lap  was  synthesized  and 
dissolved  in  DMSO  as  described  [1].  CPT  and  dicoumarol  were  ob¬ 
tained  from  Sigma  Chemical  Co.  (St.  Louis,  MO)  and  prepared  in 
DMSO  or  water,  respectively  [3].  zVAD-fmk  and  zDEVD-fmk  were 
obtained  from  Enzyme  Systems  Products  (Dublin,  CA).  Control 
treatments  containing  an  equivalent  percentage  of  DMSO  were  in¬ 
cluded  as  described  [1-3].  The  highest  DMSO  concentration  used 
was  0.2%,  which  did  not  affect  survival,  cell  growth,  or  apoptosis  in 
various  human  breast  or  prostate  cancer  cells  examined 
[1-31. 

Cell  culture  conditions.  PC-3,  DU-145,  and  LNCaP  human  pros¬ 
tate  cancer  cells  were  obtained  from  Dr.  George  Wilding  (University 
of  Wisconsin-Madison)  and  grown  in  Dulbecco's  minimal  essential 
medium  (DMEM)  with  5%  FBS  at  37°C  in  a  humidified  5%  C02-95% 
air  atmosphere  as  described  [36-38].  Tests  for  mycoplasma  infection, 
using  the  Gen-Probe  Rapid  Detection  Kit  (Fisher  Scientific,  Pitts¬ 
burgh,  PA),  were  performed  quarterly  and  all  cell  lines  were  nega¬ 
tive. 

Drug  treatments.  For  all  experiments,  cells  were  plated,  allowed 
at  least  24  h  to  initiate  log-phase  growth,  and  then  exposed  to  0-lap 
or  CPT  at  indicated  doses  for  4  h.  After  exposure,  drug-containing 
media  were  removed  and  replaced  with  complete  media.  Dicoumarol 
was  administered  (50  /xM)  concomitantly  with  0-lap  or  CPT  for  4  h  as 
described  above.  For  zVAD-fmk  exposures,  cells  were  pretreated 
with  100  /xM  zVAD-fmk  for  30  min  or  treated  with  media  alone. 
0-Lap  or  CPT  was  then  coadministered  in  the  presence  or  absence  of 
zVAD-fmk  for  4  h.  All  drug-containing  media  were  then  removed  and 
replaced  with  media  containing  100  juM  zVAD-fmk  alone  or  with 
fresh,  non-drug-containing  media. 

Stable  transfection  of  LNCaP  cells  with  NQOl.  Log-phase 
LNCaP  cells  were  seeded  onto  6-well  dishes  at  2  X  10s  cells/well  and 
allowed  to  attach  overnight.  The  following  day,  1.0  pg  of  BE8  plas¬ 
mid  DNA,  containing  human  NQOl  cDNA  under  the  control  of  the 
CMV  promoter  in  the  pcDNA3  constitutive  expression  vector  [39], 
was  added  into  each  of  three  wells  using  standard  calcium  phosphate 
transfection  methodology  [40].  After  2  days  of  growth  without  selec¬ 
tion,  cells  were  exposed  to  350  jtxg/ml  geneticin  (G418,  GIBCO  BRL, 
Gaithersburg,  MD).  A  stable,  pooled  population  was  established  af¬ 
ter  approximately  3  weeks  of  growth  in  media  containing  350  /xg/ml 
G418.  Clonal  transfectants  were  finally  derived  from  the  pooled 
population  by  limiting  dilution  cloning.  Isolated  transfectants  were 
then  analyzed  for  NQOl  expression  and  enzymatic  activity  as  de¬ 
scribed  below  and  under  Results  (Table  1). 

Colony-forming  ability  assays.  Anchorage-dependent  colony¬ 
forming  ability  (CFA)  assays  were  performed  [1,  41].  For  CFA  as¬ 
says,  cells  were  seeded  at  1—2000  viable  cells  per  dish  in  35  mm2- 
tissue  culture  plates  (with  grids)  and  incubated  overnight.  Plated 
cells  were  then  treated  with  equal  volumes  of  media  containing  0-lap 
at  various  concentrations  for  4  h.  Control  cells  were  treated  with 
DMSO  equivalent  to  the  highest  dose  of  0-lap  used.  0-Lap  exposures 
in  the  presence  or  absence  of  50  /xM  dicoumarol  were  performed  as 
indicated  above  and  under  Results.  Colonies  were  allowed  to  grow  for 
10-14  days,  with  one  change  of  medium  at  day  seven.  Plates  were 
stained  with  1.0%  crystal  violet  in  20%  EtOH  and  destained  with 
water,  and  colonies  of  >50  normal-appearing  cells  were  counted 
[1.41). 
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TUNEL  assays.  Flow  cytometric  TUNEL  analyses  were  per¬ 
formed  to  measure  DNA  fragmentation,  sub-G0/G,  cell  populations, 
and  changes  in  cell  cycle  distribution  following  various  drug  treat¬ 
ments  [1,  35].  TUNEL  assays  were  performed  using  APO-DIRECT  as 
described  by  the  manufacturer  (Pharmingen,  San  Diego,  CA).  Sam¬ 
ples  were  analyzed  in  an  EPICS  Elite  ESP  flow  cytometer  using  an 
air-cooled  argon  laser  at  488  nm,  15  mW  (Beckman  Coulter  Elec¬ 
tronics,  Miami,  FL).  Propidium  iodide  was  read  with  a  640-nm  long- 
pass  optical  filter.  FITC  was  read  with  a  525-nm  band-pass  filter. 
TUNEL  analyses  were  performed  using  the  Elite  acquisition  soft¬ 
ware  provided  with  the  instrument.  Sub-G0/G,  data  were  analyzed 
using  ModFit  (Verity  Software  House,  Inc.,  Topsham,  ME)  [1,  3,  35]. 
Results  presented  are  means  ±  SD  for  at  least  three  separate  exper¬ 
iments,  repeated  in  duplicate. 

Western  immunoblot  analyses.  Control  or  treated  human  pros¬ 
tate  cancer  cells  were  examined  for  changes  in  PARP,  p53,  and  lamin 
B  and  for  levels  of  NQOl.  Actin  was  used  as  a  loading  control. 
Briefly,  control  or  treated  cells  were  washed  in  ice-cold  PBS  and 
lysed  in  loading  buffer  [62.5  mM  Tris,  pH  6.8,  6M  urea,  10%  glycerol, 
2%  SDS,  0.003%  bromophenol  blue,  5%  2-mercaptoethanol  (freshly 
added)].  Samples  were  sonicated  with  a  Fisher  Scientific  Sonic  Dis- 
membrator  (model  550)  fitted  with  a  microtip  probe  and  stored  at 
“20°C  for  later  analyses  as  described  [35].  Equivalent  amounts  of 
protein  were  incubated  at  65°C  for  15  min  and  polypeptides  were 
separated  by  SDS-PAGE.  Separated  proteins  were  then  transferred 
to  immobilon-P  membranes  (Millipore,  Danvers,  MA),  and  equiva¬ 
lent  protein  loading  was  confirmed  by  Ponceau  S  staining  [0.2% 
Ponceau  S  (w/v)  in  3%  trichloroacetic  acid  (w/v)  and  3%  sulfosalicylic 
acid  (w/v)]  (Sigma)  using  standard  techniques.  Western  immuno- 
blots  were  incubated  with  PBS  containing  0.2%  Tween  20  and  10% 
FBS  for  1  h  to  prevent  nonspecific  binding.  Membranes  were  then 
Incubated  overnight  with  primary  antibodies  diluted  in  the  same 
blocking  buffer  at  4°C.  Primary  antibodies  included  separate,  and 
sometimes  in  combination,  exposures  to  anti-PARP  C2-10  (Enzyme 
Systems  Products),  anti-p53  DO-1  (Santa  Cruz  Biotechnology,  Santa 
Cruz,  CA),  anti-lamin  B  (Calbiochem,  San  Diego,  CA),  and  anti-actin 
(Amersham  Pharmacia  Biotech,  Piscataway,  NJ).  An  NQOl  anti¬ 
body  was  contained  in  medium  from  a  mouse  hybridoma,  clone  A180, 
and  used  according  to  previously  published  procedures  [42].  Mem¬ 
branes  were  washed  in  PBS  containing  0.2%  Tween  and  then  incu¬ 
bated  with  horseradish  peroxidase-conjugated  secondary  antibody 
(Santa  Cruz  Biotechnology)  for  1  h.  Western  immunoblots  were  then 
washed  in  PBS  containing  0.2%  Tween,  developed  with  enhanced 
chemiluminescence  (ECL)  substrate  (Amersham,  Arlington  Heights, 
IL),  and  exposed  to  Fuji  X-ray  film.  All  Western  immunoblots  shown 
below  are  representative  of  experiments  repeated  at  least  three 
times. 

Preparation  of  S9  supernatants.  Cellular  extracts  for  enzyme 
assays  were  prepared  from  cells  in  mid-  to  late-log-phase  growth. 
Cells  were  harvested  by  trypsinization  (0.25%  trypsin  and  1  mM 
EDTA),  washed  twice  in  ice-cold,  phenol  red-free  Hank’s  balanced 
salt  solution,  and  resuspended  in  a  small  volume  of  PBS,  pH  7.2, 
containing  10  pg/fA  aprotinin.  Cell  suspensions  were  sonicated  four 
times  on  ice  using  10-s  pulses,  then  centrifuged  at  14,000^  for  20 
min.  S9  supernatants  were  aliquoted  into  microfuge  tubes  and  stored 
at  -80°C  for  later  use  as  described  below. 

NQOl,  cytochrome  b5  reductase,  and  cytochrome  P450  reductase 
enzyme  assays.  Three  general  reductase  enzyme  assays  were  com¬ 
pleted  as  described  [43-46].  Enzyme  reactions  contained  77  pM 
cytochrome  c  (practical  grade,  Sigma)  and  0.14%  bovine  serum  albu¬ 
min  in  Tris-HCl  buffer  (50  mM,  pH  7.5).  NQOl  activity  was  mea¬ 
sured  using  NADH  (200  p,M)  as  the  immediate  electron  donor  and 
menadione  (10  /u,M)  as  the  Intermediate  electron  acceptor.  Each 
assay  was  repeated  in  the  presence  of  10  /xM  dicoumarol,  and  the 
activity  attributed  to  NQOl  was  that  inhibited  by  dicoumarol  (44, 
47].  NADH:cytochrome  b5  reductase  (b5R)  was  measured  using 
NADH  (200  /xM)  as  the  electron  donor,  and  NADH:cytochrome  P-450 


TABLE  1 

NQOl,  Cytochrome  b5R,  and  Cytochrome  P450  Reductase 
Enzyme  Activity  Levels  in  Prostate  Cancer  Cell  Lines 


Cell  line 

NQOl 

b5R 

P450 

LNCaP 

9.0  ±  2.4 

17  ±  3.2 

7.0  ±  2.3 

DU-145 

500  ±  48 

39  ±  3.3 

6.8  ±  0.6 

PC-3 

740  ±  100 

38  ±  5.1 

7.9  ±  1.1 

LN-pcDNA3  Clone  5 

3.9  ±  0.5 

22  ±  1.8 

10  ±  2.8 

LN-NQ  Clone  1 

140  ±  22 

15  ±  1.9 

9.5  ±  0.5 

LN-NQ  Clone  2 

250  ±  61 

34  ±  5.4 

9.3  ±  4.5 

LN-NQ  Clone  3 

290  ±  30 

26  ±  1.5 

9.8  ±  1.9 

LN-NQ  Clone  4 

270  ±  30 

22  ±  6.3 

5.0  ±  1.0 

LN-NQ  Clone  10 

210  ±  24 

31  ±  3.3 

9.7  ±  2.8 

Note.  Enzyme  levels  were  measured  in  S9  supernatent  whole  cell 
lysates  as  described  under  Materials  and  Methods.  Activities  are 
reported  as  nmol  cytochrome  c  reduced/min/mg  protein. 


reductase  (P450r)  was  measured  using  NADPH  (200  pM)  as  the 
electron  donor  [54]  in  a  Beckman  DU  640  spectrophotometer  (Beck¬ 
man  Instruments,  Fullerton,  CA).  Reactions  were  performed  at  37°C 
and  were  initiated  by  addition  of  S9  supernatants.  Varying  amounts 
(10  to  40  p\)  of  S9  supernatants  were  used  to  ensure  linearity  of 
enzyme  rates  with  protein  concentration.  Enzyme  activities  were 
calculated  as  nmol  cytochrome  c  reduced/min/mg  protein,  based  on 
the  initial  rate  of  change  in  OD  at  550  nm.  An  extinction  coefficient 
of  21.1  mM/cm  was  used  for  cytochrome  c, 

RESULTS 

Expression  of  NQOl  and  p53  in  human  prostate  can¬ 
cer  cells.  In  examining  the  apoptotic  responses  of  hu¬ 
man  prostate  cancer  cells  to  /3-lap,  we  noted  that 
LNCaP  was  resistant  to  this  drug.  Since  we  previously 
published  data  that  suggested  NQOl  expression/activ¬ 
ity  was  a  critical  determinant  in  the  cytotoxicity  of  this 
drug  [8],  we  examined  LNCaP,  PC-3,  and  DU-145  cells 
for  expression  of  this  two-electron  reductase.  DU- 145 
and  PC-3  cells  expressed  NQOl  protein  (Fig.  1)  and 
demonstrated  dicoumarol-sensitive  enzyme  activity 
(Table  1);  enzymatic  activity  was  measured  by  mena¬ 
dione-mediated,  NQOl  reduction  of  cytochrome  c  as 
described  under  Materials  and  Methods  [43],  In  con¬ 
trast,  LNCaP  cells  did  not  express  NQOl  protein  or 
enzyme  activity  (Fig.  1  and  Table  1). 

Dicoumarol  enhanced  the  survival  of  DU- 145  or 
PC-3,  but  not  LNCaP,  cells  following  fi-lap  exposure. 
Since  dicoumarol  is  a  relatively  specific  inhibitor  of 
NQOl,  its  effects  on  the  survival  of  /3-lap-treated  pros¬ 
tate  cancer  cells  were  determined.  Dicoumarol  signifi¬ 
cantly  enhanced  the  survival  of  /3-lap- treated  DU- 145 
or  PC-3  cells  (Fig.  2).  The  LD90  values  for  DU- 145  and 
PC-3  cells  were  increased  (i.e.,  the  drug  was  less  toxic) 
by  three-  and  two-fold,  respectively,  compared  to  /3-lap 
alone.  For  example,  over  95%  lethality  was  noted  in 
DU- 145  cells  treated  with  4.0  pM  /3-lap,  whereas  the 
same  /3-lap  exposure  was  ineffective  (>95%  survival) 
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FIG.  I.  NQOl  and  p53  status  of  three  human  prostate  cancer  cell 
lines.  Western  immunoblot  analyses  of  untreated  lysates  from  three 
human  prostate  cancer  cell  lines,  DU-145,  PC-3,  and  LNCaP,  were 
performed  as  described  under  Materials  and  Methods.  Accurate 
loading  was  determined  by  monitoring  actin  levels. 


when  50  /xM  dicoumarol  was  coadministered.  In  con¬ 
trast,  dicoumarol  had  no  influence  on  the  survival  of 
/3-lap-treated  LNCaP  cells,  which  also  exhibited  more 
intrinsic  resistance  to  /3-lap-mediated  lethality  (LD90, 
8.0  /xM;  LD99,  12  /xM)  compared  to  DU-145  (LD90,  3.5 
/xM;  LD99,  5.0  /xM)  or  PC-3  (LD90,  5.0  /xM;  LD^,  7.5  /xM) 
cells.  /3-Lap-treated  LNCaP  cells  also  exhibited  three¬ 
fold  less  apoptosis  than  either  DU- 145  or  PC-3  cells 
when  exposed  to  equitoxic  concentrations  [1].  In  con¬ 
trast,  dicoumarol  coadministration  did  not  signifi¬ 
cantly  affect  the  survival  of  LNCaP,  DU-145,  or  PC-3 
cells  following  CPT  exposures  (Fig.  2). 

Dicoumarol  blocked  morphologic  changes  and  apop¬ 
tosis  of  DU-145  cells  after  p-lap  treatment.  In  human 
breast  cancer  cells,  /3-lap  induced  morphologic  changes 
indicative  of  apoptosis  [3].  Similar  alterations  in  mor¬ 
phology,  such  as  chromatin  condensation,  cell  shrink¬ 
age,  and  detachment  occurred  in  DU- 145  or  PC-3  cells 
following  4-h  /3-lap  exposures  (shown  are  DU-145  cells, 
Fig.  3A).  Addition  of  50  /xM  dicoumarol  significantly 
blocked  /3-lap-induced  morphologic  changes  (Fig.  3A), 
and  cells  grew  normally,  consistent  with  enhanced  sur¬ 
vival  as  measured  using  CFA  assays  (Fig.  2). 

We  previously  demonstrated  the  formation  of  an 
apoptotic  sub-Go/G,  peak,  representing  apoptotic  cells 


FIG.  2.  Dicoumarol  protects  DU-145  and  PC-3,  but  not  LNCaP,  human  prostate  cancer  epithelial  cell  lines  from  /Map-induced 
cytotoxicity.  The  survival  of  DU-145,  PC-3,  and  LNCaP  human  prostate  cancer  cell  lines  following  /3-lap  treatment,  with  or  without 
dicoumarol  coadministration,  was  determined  by  colony-forming-ability  assays  as  described  under  Materials  and  Methods.  (3-Lap  or  CPT, 
with  or  without  50  p,M  dicoumarol  cotreatments,  was  given  as  4-h  pulse  treatments  as  described  under  Materials  and  Methods.  Shown  are 
the  results  (means  ±  SD)  of  three  experiments  repeated  in  duplicate. 
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FIG.  3.  (A)  Dicoumarol  blocks  morphologic  changes  in  DU-145  cells  after  /3-lap  treatment.  DU-145  cells  were  treated  with  5  /xM  or  10  /xM 
/3-lap,  with  or  without  50  jxM  dicoumarol,  for  4  h.  At  24  h  posttreatment,  phase-contrast  photomicrographs  were  taken  of  treated  or  control 
cells.  Shown  are  representative  photos  of  experiments  repeated  three  or  more  times.  Magnification,  100X.  (B)  Dicoumarol  prevents  apoptosis 
induced  in  human  prostate  cancer  cells  following  /3-lap,  but  not  CPT.  TUNEL  assays  to  monitor  apoptosis  in  /3-lap-  or  CPT-treated  human 
prostate  cancer  cells,  with  or  without  50  /xM  dicoumarol  coadministration,  were  performed  48  h  following  4-h  drug  treatments.  The 
percentage  of  cells  that  stained  positive  by  TUNEL  assay  appears  in  the  top  right  corner  of  each  panel. 


with  fractional  DNA  content,  in  human  prostate  or 
breast  cancer  cell  lines  following  /3-lap  treatment.  DU- 
145  or  PC-3  cells  showed  a  prominent  sub-Go/Gj  pop¬ 
ulation  of  cells.  In  contrast,  NQOl -deficient  LNCaP 
cells  showed  significantly  lower  levels  of  sub-Go/Gj 
cells  [1].  To  further  characterize  cell  death  responses  in 
human  prostate  cancer  cell  lines  after  exposure  to 
/3-lap  or  CPT,  TUNEL  assays  were  performed  to  mon¬ 
itor  apoptotic-related  DNA  fragmentation,  with  or 
without  dicoumarol  (Fig.  3B).  DU- 145  or  PC-3  cells 
were  positively  stained  by  TUNEL  (71.3  and  82.2%, 
respectively)  after  /3-lap  treatment,  and  these  re¬ 
sponses  were  abrogated  by  dicoumarol  cotreatments. 
In  contrast,  /3-lap-treated  LNCaP  cells  exhibited  a 
much  lower  percentage  of  apoptotic  cells  (28.1%),  con¬ 
sistent  with  prior  data  [1].  Coadministration  of  dicou¬ 
marol  did  not  affect  /3-lap-mediated  responses  in  these 


cells.  Treatment  of  each  cell  line  with  CPT  resulted  in 
only  modest  apoptosis  (i.e.,  22-43%  apoptotic  cells),  as 
previously  described  [3].  Predictably,  CPT-induced  ap¬ 
optosis  was  not  affected  by  dicoumarol  cotreatments 
(Fig.  3B). 

Apoptotic  substrate  cleavage  events  in  human  pros- 
ta te  cancer  cells  after  /3  -lap  exposure.  Human  prostate 
cancer  cell  lines  treated  with  /3-lap  exhibited  the  for¬ 
mation  of  an  atypical  ~60-kDa  PARP  polypeptide  (Fig. 
4A,  open  arrow),  in  contrast  to  classical,  CPT-induced, 
caspase-mediated,  89-kDa  PARP  cleavage  (Fig.  4A, 
closed  arrow).  Atypical  60-kDa  PARP  fragmentation 
was  apparent  in  DU- 145  and  PC-3  cells  treated  with  10 
jaM  /3-lap  and  correlated  well  with  apoptosis  (Fig.  3B) 
[8,  35].  Furthermore,  formation  of  /3-lap-induced  PARP 
cleavage  was  completely  blocked  by  coadministration 
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of  50  /xM  dicoumarol  (Fig.  4A),  consistent  with  this 
NQOl  inhibitor’s  ability  to  prevent  /3-lap-mediated 
apoptosis  (Fig.  3B)  and  lethality  (Fig.  2).  /3-Lap-resis- 
tant  LNCaP  cells  required  a  greater  concentration  of 
/3-lap  (25  /xM)  to  induce  an  identical  atypical  PARP 
cleavage  fragment.  As  with  survival  responses,  coad¬ 
ministration  of  dicoumarol  with  /3-lap  did  not  affect  the 
formation  of  the  60-kDa  PARP  cleavage  fragment  in 
/3-lap-treated  LNCaP  cells  (Fig.  4A).  In  contrast,  all 
three  human  prostate  cancer  cell  lines  exhibited  the 
formation  of  an  89-kDa  PARP  cleavage  fragment  (Fig. 
4 A,  closed  arrow)  after  10  /i,M  CPT  exposures,  corre¬ 
lating  with  the  level  of  apoptosis  observed  (Fig.  3B). 
Dicoumarol  coadministration  had  no  effect  on  classical, 
caspase-mediated  PARP  cleavage  after  CPT  exposures. 

Global  caspase  inhibitors,  such  as  zVAD-fmk,  can 
inhibit  the  activation  of  many  of  the  caspases  and  their 
downstream  events  (i.e.,  substrate  proteolysis)  [5,  26]. 
Addition  of  100  /xM  zVAD-fmk  completely  abrogated 
the  formation  of  CPT-induced  PARP  cleavage  (89  kDa), 
(Fig.  4B).  In  contrast,  atypical  PARP  cleavage  noted  in 
/3-lap-treated  DU-145  cells  (open  arrow)  was  not  af¬ 
fected  by  100  /xM  zVAD-fmk,  suggesting  either  that 
/3-lap  induces  a  non-caspase-mediated  pathway  or  that 
zVAD-fmk  cannot  inhibit  this  particular  caspase-me¬ 
diated  pathway  (Fig.  4B). 

Cleavage  of  lamin  B  (60-kDa  full-length  protein)  to  a 
characteristic  46-kDa  polypeptide,  typically  by  caspase  6, 
is  believed  to  aid  in  the  breakdown  of  the  architecture 
necessary  for  apoptosis-related  nuclear  condensation  and 
membrane  blebbing  [48-50].  Cleavage  of  lamin  B  in 
/3-lap-treated  MCF-7:WS8  cells  was  noted  [3],  In  DU-145 
cells,  /3-lap  but  not  CPT  treatment  resulted  in  lamin  B 
cleavage,  possibly  due  to  the  relatively  poor  apoptotic 
responses  induced  by  CPT  compared  to  those  induced  by 
/3-lap.  Interestingly,  100  /xM  zVAD-fmk,  the  pan-caspase 
inhibitor,  did  not  inhibit  /3-lap-mediated  cleavage  of 
lamin  B  (Fig.  4B).  These  data  are  consistent  with  prior 
data  from  our  laboratory  that  /3-lap  can  stimulate  a  non- 
caspase-mediated,  cysteine  protease-directed  apoptotic 
pathway  in  certain  human  cancer  cells  [35]. 

We  previously  showed  that  p53  was  not  necessary  for 
/3-lap-induced  apoptosis  [1],  In  fact,  we  reported  that 
the  level  of  p53  decreased  following  treatment  of  wild- 
type  p53-expressing  MCF-7  breast  cancer  cells  follow¬ 
ing  4-10  /xM  /3-lap  [3],  In  mutant  p53-expressing  DU- 
145  cells,  /3-lap  treatment  resulted  in  the  formation  of 
two  cleavage  fragments  (40  kDa  and  ~20  kDa)  that 
were  not  inhibited  by  100  /xM  zVAD-fmk  coadministra¬ 
tion  (Fig.  4B).  A  similar  cleavage  of  p53  was  described 
during  calpain-mediated  apoptosis,  and  this  protease 
may  be  involved  in  /3-lap-mediated  cell  death  responses 
[35].  Treatment  of  DU-145  cells  with  CPT  did  not  result 
in  any  changes  in  the  level  or  cleavage  of  p53,  even 
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FIG.  4.  (A)  PARP  cleavage  in  human  prostate  cancer  cells  following 
/3-lap  or  CPT  exposure.  Human  prostate  cancer  cell  lines  were  treated 
for  4  h  with  j3-lap  (10  or  25  pM)  or  CPT  (15  /xM),  with  or  without  50  jllM 
dicoumarol.  Cells  were  harvested  for  analyses  24  h  posttreatment  and 
analyzed  for  specific  changes  in  protein  cleavage  events  by  Western  blot 
analyses.  Closed  arrow;  typical  89-kDa  PARP  cleavage  fragment.  Open 
arrow,  atypical  60-kDa  PARP  cleavage  fragment.  (B)  zVAD-fmk  blocks 
CPT-,  but  not  /3-lap-,  induced  apoptotic  proteolytic  substrate  cleavage  in 
DU-145  cells.  DU-145  human  prostate  cancer  cells  were  treated  with 
either  10  /xM  /3-lap  or  10  /aM  CPT,  with  or  without  100  pM  zVAD-fmk, 
for  4  h  and  specific  protein  cleavage  events  were  monitored  by  Western 
immunoblot  analyses.  zVAD-fmk  treatment  began  1  h  prior  to  /3-lap 
addition;  treatment  was  continued  throughout  the  /3-lap  treatment,  and 
cells  were  harvest  as  described  under  Materials  and  Methods.  PARP: 
full-length  polypeptide,  113  kDa;  typical  PARP  cleavage  fragment 
(closed  arrow),  89  kDa;  atypical  PARP  cleavage  fragment  (open  arrow), 
—60  kDa.  p53:  full-length  polypeptide,  53  kDa;  p53  cleavage  fragment, 
—40  kDa.  Lamin  B:  full-length  polypeptide,  68  kDa;  lamin  B  cleavage 
fragment,  45  kDa. 

though  20%  of  the  cells  were  apoptotic;  DU- 145  cells 
express  stable,  high  levels  of  mutant  p53  protein  that  are 
not  stabilized  by  CPT-mediated  damage. 
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Stable  transfection  of  LNCaP  cells  with  NQOl.  In 
order  to  further  characterize  the  role  of  NQOl  in  /3-lap- 
mediated  apoptosis,  LNCaP  cells  were  transfected 
with  either  pcDNA3  empty  vector  or  pcDNA3  contain¬ 
ing  full-length  NQOl  cDNA,  in  which  expression  of 
this  two-electron  reductase  was  controlled  by  the  CMV 
promoter.  Five  clonal  cell  lines  containing  NQOl  (LN- 
NQ  Clones  1-4,  10)  and  one  vector-alone  control  (LN- 
pcDNA3)  were  isolated.  All  five  NQOl-containing  cell 
lines  demonstrated  both  enzyme  activity  (15-  to  30-fold 
above  nontransfected  levels,  Table  1)  and  protein  ex¬ 
pression  (Fig.  7).  LNCaP  transfectants  containing 
pcDNA3  vector  alone  exhibited  neither  NQOl  enzyme 
activity  nor  protein  expression,  similar  to  nontrans¬ 
fected  LNCaP  parental  cells  (Table  1,  Fig.  7). 

Transfection  of  NQOl  sensitized  human  LNCaP 
prostate  cancer  cells  to  fl-lap.  In  clonogenic  assays, 
NQO  1-deficient  parental  LNCaP  cells  showed  moder¬ 
ate  resistance  to  /3-lap,  relative  to  DU- 145  and  PC-3 
cells,  which  express  high  levels  of  the  enzyme  (Fig.  2). 
Similarly,  NQOl-containing  LNCaP  clones  demon¬ 
strated  significantly  increased  sensitivity  to  /3-lap  rel¬ 
ative  to  NQO  1-deficient  LNCaP  cells  containing 
pcDNA3  vector  alone  (Fig.  5 A).  As  previously  observed 
with  NQO  1-expressing  DU-145  or  PC-3  cells,  coadmin¬ 
istration  of  dicoumarol  blocked  /3-lap-mediated  cytotox¬ 
icity.  This  resulted  in  a  relatively  resistant  phenotype, 
similar  to  that  of  NQOl-deficient,  pcDNA3  vector- 
alone,  control  LNCaP  cells.  Dicoumarol  coadministra¬ 
tion  had  no  effect  on  the  sensitivity  of  NQOl-deficient, 
LNCaP  cells  (containing  pcDNA3  vector  alone)  to  /3-lap 
treatment  (Fig.  5A). 

Menadione  is  detoxified  by  NQOl  and  is  thus  toxic  to 
cells  in  the  absence  of  NQOl  activity.  In  contrast  to 
/3-lap-mediated  toxicity,  NQOl-deficient  LNCaP  pa¬ 
rental  or  vector-alone  transfectants  were  more  sensi¬ 
tive  to  menadione  on  an  equimolar  basis.  NQOl-con¬ 
taining  LN-NQ  clone  10  cells  were  more  resistant  to 
menadione  toxicity  than  NQOl-deficient  LN-pcDNA3 
cells  (Fig.  5B).  Thus,  the  toxicities  of  menadione  and 
/3-lap  were  reversed.  Similar  results  were  found  with 
human  NQOl -transfected  (or  vector-alone-transfected) 
MDA-MB-468  breast  cancer  cells  treated  with  /3-lap  or 
menadione  [8], 

To  determine  whether  LNCaP  cells  compensated  for 
their  NQOl  deficiency  by  increasing  the  activities  of 
one-electron  enzymes,  levels  of  P450  reductase  and 
cytochrome  b5R  were  determined  in  the  three  parental 
cell  lines,  as  well  as  in  the  six  NQOl -expressing 
LNCaP  clones.  No  significant  differences  in  P450  re¬ 
ductase  or  b5R  activities  were  noted  (Table  1). 

Transfection  of  LNCaP  cells  with  NQOl  enhanced 
/3- lap-induced  apoptosis.  Exposure  of  each  NQOl-ex- 
pressing  LNCaP  transfectant  (LN-NQ  Clones  1-4,  10) 
to  10  /xM  /3-lap  resulted  in  significantly  increased  apo- 
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FIG.  5.  (A)  Transfection  of  LNCaP  cells  with  NQOl  enhances 

/3-lap-induced  lethality.  NQOl-containing  (LN-NQ  Clones  1-4,  10) 
and  -deficient  (LN-pcDNA3)  LNCaP  clonal  cell  lines  were  treated 
with  4-h  pulses  of  various  doses  of  /3-lap,  with  or  without  concomitant 
50  /xM  dicoumarol  coadministration.  Survival  was  then  determined 
by  colony-forming-ability  assays  as  described  under  Materials  and 
Methods.  Experiments  were  performed  three  times,  each  in  tripli¬ 
cate.  Symbols  represent  means  ±  SD.  Open  symbols,  /3-lap  alone. 
Closed  symbols,  /3-lap  with  50  /xM  dicoumarol  coadministration.  (B) 
Transfection  of  LNCaP  cells  with  NQOl  decreases  menadione-in¬ 
duced  lethality.  One  NQOl -transfected  LNCaP  clonal  cell  line  (LN- 
NQ  Cl  10)  and  the  LNCaP  vector-alone  clonal  isolate  (LN-pcDNA3) 
were  treated  with  4-h  pulses  of  various  doses  of  menadione,  and 
survival  was  determined  by  CFA  assays  as  described  under  Materi¬ 
als  and  Methods.  Experiments  were  performed  three  times,  each  in 
triplicate.  Symbols  represent  means  ±  SD. 

ptosis  (i.e.,  80-90%)  compared  to  that  of  control  LN¬ 
CaP  transfectants  containing  pcDNA3  vector  alone 
(5%)  (Fig.  6).  As  expected,  NQOl -mediated,  /3-lap-stim- 
ulated  apoptosis  in  LN-NQ  Clone  1-4  and  10  cell  lines 
were  prevented  by  50  /xM  dicoumarol. 

Expression  of  NQOl  in  LNCaP  cells  enhanced  atyp¬ 
ical  PARP  cleavage  in  response  to  (5 -lap  exposure.  Pa¬ 
rental  LNCaP  cells  produced  an  apoptosis-related, 
atypical  cleavage  of  PARP  (formation  of  a  60-kDa 
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FIG.  6.  Stable  transfection  of  LNCaP  cells  with  NQOl  enhances 
/3-lap-induced  apoptosis.  Stably  transfected  LNCaP  clonal  cell  lines 
containing  NQOl  or  vector  alone  (from  Fig.  5 A)  were  treated  for  4  h 
with  various  concentrations  of  /3-lap,  with  or  without  50  fM  dicou¬ 
marol,  as  described  under  Materials  and  Methods.  Forty-eight  hours 
posttreatment,  cells  were  monitored  for  apoptosis-related  DNA  frag¬ 
mentation  using  TUNEL  assays.  Symbols  represent  means  ±  SD  of 
experiments  performed  three  or  more  times,  each  in  triplicate. 
LNCaP  isolated  clonal  cell  lines  examined  were  pcDNA3,  LNCaP 
stably  transfected  with  vector  alone;  LN-NQ  Cl  1-4  and  10,  five 
separate  LNCaP  cell  lines  stably  transfected  with  CMV-controlled 
NQOl  cDNA,  Clones  1-4  and  10. 


PARP  polypeptide)  following  25  /xM  /3-lap,  a  concentra- 
tion  nearly  five  times  higher  than  the  LDS0  for  the  drug 
(see  Figs.  2  and  4 A).  In  contrast,  atypical  PARP  cleav¬ 
age  was  apparent  in  PC-3  or  DU- 145  cells  after  10  p,M 
/3-lap,  at  or  near  the  drug’s  LD90  for  these  cells.  In 
general,  atypical  PARP  cleavage  correlated  well  with 
the  sensitivities  (apoptosis)  of  each  prostate  cancer  cell 
line  to  /3-lap  exposure  (Figs.  2  and  4A),  similar  to  that 
observed  in  human  breast  carcinoma  epithelial  cells 
[35].  Empty  vector  (LN-pcDNA3)-  or  NQOl -transfected 
LNCaP  (LN-NQ  Clones  1-4  and  10)  cells  were  also 
examined  for  PARP  cleavage  following  /3-lap  treat¬ 
ments.  Atypical  60-kDa  PARP  fragmentation  was  ob¬ 
served  in  each  NQOl -expressing  clone  following  10  /xM 
/3-lap,  whereas  the  parental  and  vector-alone  clones 
needed  significantly  greater  doses  of  the  compound 
(>25  p.M)  to  initiate  detectable  levels  of  PARP  cleavage 
(Fig.  7).  Thus,  PARP  fragmentation  in  NQOl -contain¬ 


ing  LNCaP  cells,  but  not  in  LNCaP  parental  or 
empty  vector  transfectants,  following  /3-lap  treatment 
strongly  correlated  with  overall  apoptosis  (Fig.  6)  and 
lethality  (Fig.  5A).  In  contrast,  altered  expression  of 
NQOl  did  not  influence  apoptotic  reactions  induced  by 
CPT  in  any  of  the  LNCaP  cell  lines  examined  above. 

DISCUSSION 

NQOl  may  be  a  clinically  exploitable  target  for  ther¬ 
apy  against  certain  tumors  using  /3-lap  or  its  deriva¬ 
tives.  Our  results  demonstrate  that  NQOl  is  a  key 
intracellular  determinant  for  /3-lap  toxicity  in  human 
prostate  epithelial  cancer  cells,  since  dicoumarol  pre¬ 
vented  /3-lap-mediated  apoptosis  and  lethality  in  DU- 
145  and  PC-3.  In  contrast,  dicoumarol  did  not  affect 
/3-lap-induced  apoptosis  in  NQOl -deficient  LNCaP 
cells.  Furthermore,  reexpression  of  NQOl  in  deficient 
LNCaP  cells  increased  their  sensitivity  to  /3-lap-medi¬ 
ated  apoptosis  and  lethality.  These  data  suggest  that 
NQOl  activity  is  a  key  determinant  in  /3-lap-mediated 
cytotoxicity,  a  conclusion  also  made  using  human 
breast  cancer  cells  [8].  Although  many  laboratories 
(including  our  own)  have  published  data  supporting 
other  potential  targets  in  vitro,  including  Topo  I  and 
Topo  II-a,  none  of  these  previous  studies  demonstrated 
convincing  data  for  an  intracellular  target  for  this 
drug. 

We  previously  showed  that  /3-lap  induced  a  p53-in- 
dependent  apoptotic  response  in  human  prostate  can¬ 
cer  cells  [37].  We  now  demonstrate  that  these  p53- 
independent  apoptotic  responses  initiated  by  this  drug 
are  greatly  enhanced  by  NQOl  expression  (Fig.  7). 
Furthermore,  we  demonstrate  that  lethality  caused  by 
/3-lap  is  opposite  to  that  induced  by  menadione, 
wherein  NQOl  overexpression  increases  /3-lap  lethal¬ 
ity  but  decreases  the  cytotoxicity  of  menadione.  Similar 
results  were  found  in  human  breast  cancer  cells  [8]. 
Collectively,  our  data  strongly  suggest  that  /3-lap  is 
bioactivated  in  cells  expressing  NQOl.  The  possibility 
of  a  bioactivated  form  of  /3-lap  interacting  with  previ- 
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FIG.  7.  /3- Lap-induced  atypical  PARP  cleavage  is  enhanced  by  NQOl  overexpression.  NQOl-containing  and  -deficient  LNCaP  clonal  cell 

lines  (described  in  the  legends  to  Figs.  5 A  and  6),  were  exposed  to  4-h  treatments  with  various  doses  of  /3-lap  or  10  p.M  CPT.  Cells  were 
harvested  for  Western  immunoblot  analyses  24  h  following  drug  removal,  as  previously  described.  Open  arrow,  atypical  PARP  cleavage 
fragment  of  —60-kDa  molecular  weight  by  SDS-PAGE. 
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ously  suggested  in  vitro  targets,  such  as  Topo  I  [2],  is 
being  explored. 

/3-Lap  induces  a  unique  apoptotic  response  in  epithe¬ 
lial  cancer  cell  lines,  such  as  those  of  breast  or  prostate 
origin.  /8-Lap  stimulates  a  novel  cell  death  pathway 
that  appears  to  be  caspase-independent  (Fig.  4B),  cal¬ 
cium-dependent,  and  NQOl-mediated  (Fig.  7)  [8,  35]; 
dicoumarol  prevents  its  activation  and  cells  lacking 
NQOl  do  not  demonstrate  p53  or  PARP  proteolytic 
cleavage  events  after  physiological  j8-lap  exposures 
(non-supra-lethal  doses)  (Fig.  4A)  [8].  Treatment  of 
human  prostate  cancer  cells  with  /3-lap  induced  the 
formation  of  an  atypical  PARP  cleavage  fragment,  dif¬ 
ferent  from  the  classical  89-kDa  fragment  formed 
during  caspase-mediated  (via  caspases  3,  6,  and  7) 
apoptosis  [34] .  Production  of  this  atypical  60-kDa 
PARP  fragment  correlated  well  with  apoptosis  and 
overall  sensitivity  of  human  prostate  or  breast  epithe¬ 
lial  cancer  cells  to  /3-lap  (compare  Figs.  5 A  and  7)  [8]. 
As  with  /3-lap-treated  human  breast  cancer  cells,  al¬ 
though  the  overall  number  of  adherent  cells  was  mark¬ 
edly  reduced,  no  evidence  of  cell  lysis  during  /3-lap- 
mediated  apoptosis  in  DU- 145  or  PC-3  cells  was  noted, 
suggesting  that  cell  death  was  not  necrotic  in  nature. 
Addition  of  100  p,M  zVAD-fmk,  a  widely  used  pan- 
caspase  inhibitor,  blocked  caspase-induced  typical 
PARP  cleavage  initiated  in  DU- 145  cells  by  treatment 
with  10  pM  CPT  (Fig.  3B).  However,  the  same  concen¬ 
tration  of  zVAD-fmk  had  no  effect  on  atypical  PARP 
cleavage  or  cleavage  of  other  /3-lap-induced  apoptotic 
substrates,  such  as  lamin  B  or  p53,  in  NQOl-express- 
ing  human  prostate  cancer  cell  lines.  Thus,  /3-lap 
predominantly  stimulates  a  non-caspase-mediated 
apoptotic  response,  which  we  theorize  is  directed  by 
the  activation  of  a  calcium-dependent  cysteine  pro¬ 
tease  with  properties  similar  to  calpain  [35], 

LNCaP  cells  did  exhibit  toxicity  following  nonphysi- 
ologically  high  doses  of  /3-lap,  despite  their  deficiency  in 
NQOl  expression.  The  observed  apoptotic  responses  in 
LNCaP  parental  cells  following  supralethal  doses  of 
/3-lap  are  probably  attributed  to  the  lower  affinity  re¬ 
duction  of  this  compound  by  one-electron  reducing  en¬ 
zymes,  such  as  p450  reductase,  as  well  as  other  non- 
related  enzymes  (e.g.,  cytochrome  b5  reductase).  These 
enzymes  may  catalyze  two-step,  one-electron  reduc¬ 
tions  of  quinones  (i.e.,  /3-lap)  in  order  to  form  the 
hydroquinone,  whereas  NQOl  mediates  one  higher  af¬ 
finity,  two-electron  reduction  forming  the  same  byprod¬ 
uct.  As  a  result,  a  higher  dose  of  /3-lap  was  required 
(compared  to  NQOl -containing  PC-3,  DU-145,  or 
LNCaP  transfectants)  for  a  similar  apoptotic  reaction. 
Expression  of  NQOl  in  LNCaP  cells,  via  stable  trans¬ 
fection  with  CMV-controlled  mammalian  NQOl  ex¬ 
pression  vectors,  significantly  increased  their  sensitiv¬ 
ity  to  /3-lap,  a  sensitivity  ablated  by  dicoumarol 
coadministration.  These  data  indicate  that  while 


NQOl  is  not  the  only  enzyme  capable  of  activating  or 
metabolizing  /3-lap,  its  ability  far  surpasses  the  effi¬ 
ciency  of  other  reductases  (or  other  as  yet  unidentified 
enzymes)  in  the  cell  to  bioactivate  the  drug. 

Current  dogma  states  that  all  apoptotic  pathways 
include  caspase  activation  and  that  all  caspase-inde¬ 
pendent  mechanisms  lead  exclusively  to  necrosis.  Our 
data  strongly  suggest  that  other  non-caspase-mediated 
apoptotic  pathways  (e.g.,  mediated  by  calpain)  are  ac¬ 
tivated  after  certain  drug  treatments.  Non-caspase- 
mediated  apoptotic  pathways  have  been  described  in 
several  other  cell  systems  [51-56].  Furthermore,  we 
suggest  that  there  is  a  spectrum  of  cell  death  re¬ 
sponses,  ranging  from  caspase-mediated  apoptosis  to 
cell  lysis  during  necrosis  (i.e.,  cell  plasma  membrane 
rupture  and  lysis,  as  observed  after  sodium  azide  ex¬ 
posure).  Cells  treated  with  /3-lap  exhibit  many  charac¬ 
teristics  of  cells  undergoing  apoptosis,  including  mor¬ 
phologic  changes  (Fig.  3A);  chromatin  condensation 
[63];  DNA  ladder  formation  [14,  20];  generation  of  sub- 
G0/Gi  apoptotic  cells  [1]  ;  cells  staining  positive  with  the 
TUNEL  assay,  which  monitors  for  endonuclease-spe¬ 
cific  DNA  double-strand  breaks  (Fig.  3B,  6);  specific 
dephosphorylation  of  pRb  [3];  and  specific  intracellular 
cleavage  of  unique  substrates  (e.g.,  Topo  I,  Topo  II, 
lamin  B,  and  p53),  while  most  other  proteins  (e.g., 
cyclins  A,  B,  E  and  bcl-2)  remained  intact  (Figs.  4A,  4B, 
and  7)  [3,  35].  Yet,  concrete  evidence  of  caspase  activa¬ 
tion  is  lacking.  It  was  previously  reported  that  /3-lap 
induced  apoptosis  in  some  cell  systems  and  necrosis  in 
others,  although  specific  end  points  for  necrosis  were 
not  examined  [57].  /3-Lap-treated  breast  or  prostate 
cancer  cells  demonstrated  extensive  formation  of  apo¬ 
ptotic  cells,  as  monitored  by  TUNEL  assays,  formation 
of  sub-Go/G,  cells,  morphology  changes  (i.e.,  condensed 
nuclei  and  rounded  cells),  and  lamin  B  cleavage  (Fig. 
4B),  as  early  as  4-8  h  following  /3-lap  treatment  [8,  35], 
Since  DNA  fragmentation  may  occur  during  late-stage 
necrosis  [58],  the  early  (4-8  h)  appearance  of  cells 
staining  positive  using  a  TUNEL  assay,  concomitant 
with  specific  protein  cleavage  events  (e.g.,  PARP  and 
p53)  following  /3-lap  treatment,  strongly  suggests  that 
an  apoptotic,  rather  than  necrotic,  cell  death  mecha¬ 
nism  was  triggered  by  /3-lap.  /3-Lap-treated  NQO  1-ex¬ 
pressing  cells  demonstrate  extensive  nuclear  conden¬ 
sation  and  unique  intracellular  substrate  cleavages, 
and  the  cells  detached  in  a  rounded  form  (Fig.  3).  Most 
importantly,  /8-lap-treated  cells  show  no  visible  mor¬ 
phologic  hallmarks  of  necrosis,  such  as  extensive  cell 
debris  (Fig.  3).  Few  cells  survive  the  treatment  and  the 
cytotoxic  responses  have  a  sharp  dose-response  curve 
in  which  apoptosis  and  loss  of  survival  are  directly 
correlated  in  NQO  1-expressing  cells.  All  NQOl-con- 
taining  breast  and  prostate  cancer  cells  examined  thus 
far  respond  with  identical  apoptotic  mechanisms  to  the 
drug.  In  contrast,  all  NQOl -deficient  breast  or  prostate 
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cancer  cells  appear  to  be  more  resistant  to  jS-lap,  show¬ 
ing  significantly  less  apoptosis  [8]. 

We  have  previously  shown  that  /3-lap  was  a  radio¬ 
sensitizer  (after  IR  exposure)  of  human  cancer  cells 
compared  to  normal  cells  [2].  Furthermore,  those  nor¬ 
mal  cells  that  did  survive  the  IR  exposures  plus  /3-lap 
posttreatments  demonstrated  lower  than  basal  levels 
of  neoplastic  transformants  [59].  Our  laboratory  also 
demonstrated  that  NQOl  was  an  X-ray-inducible  tran¬ 
script  (i.e.,  xip3)  [10].  The  discovery  that  NQOl  is  a 
major  determinant  in  the  sensitivity  of  human  prostate 
and  breast  epithelial  cancer  cells  to  /3-lap  [8]  may  ex¬ 
plain  the  compound’s  ability  to  radiosensitize  certain 
cancer  cells  that  express  low  basal  levels  of  NQO 1 ,  but 
in  which  the  cell’s  enzyme  levels  can  be  dramatically 
induced  by  IR  pretreatment.  We  previously  found  that 
posttreatments,  and  not  pretreatments,  of  /3-lap  sensi¬ 
tized  cells  to  IR  [2,  59-61].  A  5-h  posttreatment  of  4-5 
p.M  /3-lap  was  required,  in  which  IR-treated  cells  were 
killed  and  non-IR-treated  cells  were  spared  (<20%  le¬ 
thality).  Since  NQOl  levels  were  induced  5-  to  20-fold 
in  3  to  4  h  in  the  same  cell  line  [59] ,  we  speculate  that 
the  compound’s  radiosensitizing  capacity  was  due  to 
the  exploitation  of  this  damage-inducible,  bioactivating 
(for  /3-lap)  enzyme.  Since  NQOl  is  commonly  elevated 
during  early  stages  of  carcinogenesis  [62,  63],  normal 
cells  that  become  genetically  unstable  following  IR  ex¬ 
posure  and  later  induce  stable  expression  of  NQOl 
would  be  rather  sensitive  to  cell  death  by  /3-lap  post¬ 
treatments.  We  previously  demonstrated  that  post-IR- 
exposure  to  4-5  pM  /8-lap  could  dramatically  reduce 
IR-mediated  neoplastic  transformants  [59],  We  specu¬ 
late,  therefore,  that  this  compound  not  only  may  be 
useful  against  NQOl-overexpressing  cancer  cells  (e.g., 
breast,  lung,  and  possibly  prostate  cancers),  but  also 
could  possess  great  potential  as  an  anti-carcinogenic 
agent  by  eliminating  genetically  unstable,  NQOl-over¬ 
expressing  transformed  cells  within  a  normal  cell  pop¬ 
ulation. 

Support  for  this  research  was  provided  by  grants  from  the  United 
States  Army  Medical  Research  and  Material  Command  Breast  Can¬ 
cer  Initiative:  Idea  Award  No.  DAMD 17-98- 1-8260  to  D.A.B.  and 
Postdoctoral  Fellowship  No.  DAMD  17-97-1 -7221  to  J.J.P.  We  are 
also  grateful  for  support  for  S.M.P.  from  the  Human  Oncology  Train¬ 
ing  Grant,  Department  of  Human  Oncology,  University  of  Wiscon- 
sln-Madison.  We  would  like  to  thank  Shelly  Wuerzberger- Davis  for 
her  outstanding  assistance  in  the  early  stages  of  this  study,  as  well 
as  Drs.  Tom  Davis,  Nancy  Oleinick,  and  Timothy  Kinsella  for  their 
helpful  discussions.  We  are  grateful  to  Sara  Hildebrand  for  her  moral 
and  financial  support.  This  paper  is  dedicated  to  her  and  her  family. 

REFERENCES 

1.  Planchon,  S.  M.,  Wuerzberger,  S.,  Frydman,  B.,  Witiak,  D.  T., 
Hutson,  P.,  Church,  D.  R.,  Wilding,  G.,  and  Boothman,  D.  A. 
(1995).  Beta-lapachone-mediated  apoptosis  in  human  promy- 
elocytic  leukemia  (HL-60)  and  human  prostate  cancer  cells:  A 
p53-independent  response.  Cancer  Res.  55,  3706-3711. 


2.  Boothman,  D.  A.,  Trask,  D.  K.,  and  Pardee,  A.  B.  (1989).  Inhi¬ 
bition  of  potentially  lethal  DNA  damage  repair  in  human  tumor 
cells  by  beta-lapachone,  an  activator  of  topoisomerase  I.  Cancer 
Res.  49,  605-612. 

3.  Wuerzberger,  S.  M.,  Pink,  J.  J.,  Planchon,  S.  M.,  Byers,  K.  L., 
Bornmann,  W.  G.,  and  Boothman,  D.  A.  (1998).  Induction  of 
apoptosis  in  MCF-7-WS8  breast  cancer  cells  by  beta-lapachone. 
Cancer  Res.  58,  1876-1885. 

4.  Li,  C.  J.,  Wang,  C.,  and  Pardee,  A.  B.  (1995).  Induction  of 
apoptosis  by  beta-lapachone  in  human  prostate  cancer  cells. 
Cancer  Res.  55,  3712-3715. 

5.  Li,  C.  J.,  Averboukh,  L.,  and  Pardee,  A.  B.  (1993).  beta-Lapa- 
chone,  a  novel  DNA  topoisomerase  I  inhibitor  with  a  mode  of 
action  different  from  camptothecin.  J.  Biol.  Chem.  268,  22463- 
22468. 

6.  Frydman,  B.,  Marton,  L.  J.,  Sun,  J.  S.,  Neder,  K.,  Witiak,  D.  T., 
Liu,  A.  A,,  Wang,  H.  M.,  Mao,  Y.,  Wu,  H.  Y.,  Sanders,  M.  M.,  and 
Liu,  L.  F.  (1997).  Induction  of  DNA  topoisomerase  Il-mediated 
DNA  cleavage  by  beta-lapachone  and  related  naphthoquinones. 
Cancer  Res.  57,  620-627. 

7.  Manna,  S.  K.t  Gad,  Y.  P.,  Mukhopadhyay,  A.,  and  Aggarwal, 

B.  B.  (1999).  Suppression  of  tumor  necrosis  factor- activated 
nuclear  transcription  factor-kappaB,  activator  protein-1,  c-Jun 
N- terminal  kinase,  and  apoptosis  by  beta-lapachone.  Biochem. 
Pharmacol.  57,763-774. 

8.  Pink,  J.  J.,  Planchon,  S.  M.,  Tagliarlno,  C.,  Varnes,  M.  E., 
Siegel,  D.,  and  Boothman,  D.  A.  (2000).  NAD(P)H:quinone  oxi- 
doreductase  activity  is  the  principal  determinant  of  beta-lapa¬ 
chone  cytotoxicity.  J.  Biol.  Chem.  275,  5416-5424. 

9.  Joseph,  P.,  Xie,  T.,  Xu,  Y.t  and  Jaiswal,  A.  K.  (1994).  NAD(P)H: 
quinone  oxidoreductasel  (DT-diaphorase) :  Expression,  regula¬ 
tion,  and  role  in  cancer.  Oncol.  Res.  6,  525-532. 

10.  Boothman,  D.  A.,  Meyers,  M.,  Fukunaga,  N.,  and  Lee,  S.  W. 
(1993).  Isolation  of  X-ray-inducible  transcripts  from  radioresis¬ 
tant  human  melanoma  cells.  Proc.  Natl  Acad.  Sci.  USA  90, 
7200-7204. 

11.  Tampo,  Y.,  and  Yonaha,  M.  (1996).  Enzymatic  and  molecular 
aspects  of  the  antioxidant  effect  of  menadione  in  hepatic  micro- 
somes.  Arch.  Biochem.  Biophys.  334,  163-174. 

12.  Joseph,  P.,  and  Jaiswal,  A.  K.  (1994).  NAD(P)H:quinone  oxi¬ 
doreductasel  (DT  diaphorase)  specifically  prevents  the  forma¬ 
tion  of  benzo[a]pyrene  qulnone-DNA  adducts  generated  by  cy¬ 
tochrome  P4501A1  and  P450  reductase.  Proc.  Natl.  Acad.  Sci. 
USA  91,  8413-8417. 

13.  Ross,  D.,  Siegel,  D.,  Beall,  H.,  Prakash,  A.  S.,  Mulcahy,  R.  T., 
and  Gibson,  N.  W.  (1993).  DT-diaphorase  in  activation  and 
detoxification  of  quinones:  Bioreductive  activation  of  mitomycin 

C.  Cancer  Metastasis  Rev.  12,  83-101. 

14.  Tedeschi,  G.,  Chen,  S.,  and  Massey,  V,  (1995).  DT-diaphorase: 
Redox  potential,  steady-state,  and  rapid  reaction  studies. 
J.  Biol.  Chem.  270,  1198-1204. 

15.  Smitskamp-Wilms,  E.,  Hendriks,  H.  R.,  and  Peters,  G.  J. 
(1996).  Development,  pharmacology,  role  of  DT-diaphorase  and 
prospects  of  the  indoloquinone  E09.  Gen.  Pharmacol.  27,  421— 
429. 

16.  Ross,  D.,  Beall,  H.,  Traver,  R.  D.,  Siegel,  D.,  Phillips,  R.  M.,  and 
Gibson,  N.  W.  (1994).  Bioactivation  of  quinones  by  DT-diapho- 
rase,  molecular,  biochemical,  and  chemical  studies.  Oncol.  Res. 
6,  493-500. 

17.  Belinsky,  M.,  and  Jaiswal,  A.  K.  (1993).  NAD(P)H:quinone  ox¬ 
idoreductasel  (DT-diaphorase)  expression  in  normal  and  tumor 
tissues.  Cancer  Metastasis  Rev.  12,  103-117. 

18.  Marin,  A.,  Lopez  de  Cerain,  A.,  Hamilton,  E.,  Lewis,  A.  D., 
Martinez-Penuela,  J.  M.,  Idoate,  M.  A.,  and  Bello,  J.  (1997). 


0-LAP-MEDIATED,  NQOl-DEPENDENT  APOPTOSIS 


105 


DT-diaphorase  and  cytochrome  B5  reductase  in  human  lung 
and  breast  tumours.  Br.  J.  Cancer  76,  923-929. 

19.  Rauth,  A.  M.,  Goldberg,  Z.,  and  Misra,  V.  (1997).  DT-diapho¬ 
rase:  Possible  roles  In  cancer  chemotherapy  and  carcinogenesis. 
Oncol.  Res.  9,  339-349. 

20.  Planchon,  S.  M.r  Wuerzberger-Davis,  S.  M.,  Pink,  J.  J.,  Robert¬ 
son,  K.  A.,  Bornmann,  W.  G.,  and  Boothman,  D.  A.  (1999).  Bcl-2 
protects  against  beta-lapachone-mediated  caspase  3  activation 
and  apoptosis  in  human  myeloid  leukemia  (HL-60)  cells.  Oncol. 
Rep.  6,  485-492. 

21.  da  Silva,  C.  P.,  de  Oliveira,  C.  R.,  da  Conceicao,  M.,  and  de 
Lima,  P.  (1996).  Apoptosis  as  a  mechanism  of  cell  death  induced 
by  different  chemotherapeutic  drugs  in  human  leukemic  T- 
lymphocytes.  Biochem.  Pharmacol.  51,  1331-1340. 

22.  Decaudin,  D.,  Geley,  S.,  Hirsch,  T.,  Castedo,  M.,  Marchetti,  P., 
Macho,  A.,  Kofler,  R.,  and  Kroemer,  G,  (1997).  Bcl-2  and  Bcl-XL 
antagonize  the  mitochondrial  dysfunction  preceding  nuclear 
apoptosis  induced  by  chemotherapeutic  agents.  Cancer  Res.  57, 
62-67. 

23.  Cotter,  T.  G.,  Glynn,  J.  M.,  Echeverri,  F.,  and  Green,  D.  R. 
(1992).  The  induction  of  apoptosis  by  chemotherapeutic  agents 
occurs  in  all  phases  of  the  cell  cycle.  Anticancer  Res.  12,  773- 
779. 

24.  Casiano,  C.  A.,  Martin,  S.  J.,  Green,  D.  R.,  and  Eng,  M.  T. 
(1996).  Selective  cleavage  of  nuclear  autoantigens  during  Cd95 
(Fas/Apo-l)-mediated  T  cell  apoptosis.  J.  Exp.  Med.  184,  765- 
770. 

25.  Yuan,  J.  (1997).  Transducing  signals  of  life  and  death.  Curr. 
Opin.  Cell  Biol.  9,  247-251. 

26.  Talanian,  R.  V.,  Quinlan,  C.,  Trautz,  S.,  Hackett,  M.  C.,  Man- 
kovich,  J.  A.,  Banach,  D.,  Ghayur,  T.,  Brady,  K.  D.,  and  Wong, 
W.  W.  (1997).  Substrate  specificities  of  caspase  family  pro¬ 
teases.  J.  Biol.  Chem.  272,  9677-9682. 

27.  Miller,  D.  K.  (1997).  The  role  of  the  caspase  family  of  cysteine 
proteases  in  apoptosis.  Semin.  Immunol.  9,  35-49. 

28.  Porter,  A.  G.,  Ng,  P.,  and  Janicke,  R.  U.  (1997).  Death  sub¬ 
strates  come  alive.  Bioessays  19,  501-507. 

29.  Wolf,  B.  B.,  Goldstein,  J.  C.,  Stennicke,  H.  R.,  Beere,  H.,  Ama- 
rante-Mendes,  G.  P.,  Salvesen,  G.  S.,  and  Green,  D.  R.  (1999). 
Calpain  functions  in  a  caspase-independent  manner  to  promote 
apoptosis-like  events  during  platelet  activation.  Blood  94, 
1683-1692. 

30.  Wood,  D.  E.,  and  Newcomb,  E.  W.  (1999).  Caspase-dependent 
activation  of  calpain  during  drug-induced  apoptosis.  J.  Biol. 
Chem.  274,  8309-8315. 

31.  Squier,  M.  K.,  Sehnert,  A.  J.,  Sellins,  K.  S.,  Malkinson,  A.  M., 
Takano,  E.t  and  Cohen,  J.  J.  (1999).  Calpain  and  calpastatin 
regulate  neutrophil  apoptosis.  J.  Cell.  Physiol.  178,  311-319. 

32.  Squier,  M.  K.,  Miller,  A.  C.,  Malkinson,  A.  M.,  and  Cohen,  J.  J. 
(1994).  Calpain  activation  in  apoptosis.  J.  Cell.  Physiol.  159, 
229-237. 

33.  Lazebnik,  Y.  A.,  Kaufmann,  S.  H.,  Desnoyers,  S.,  Poirier,  G.  G., 
and  Earnshaw,  W.  C.  (1994).  Cleavage  of  poly(ADP-ribose) 
polymerase  by  a  proteinase  with  properties  like  ICE.  Nature 
371,346-347. 

34.  Datta,  R.,  Banach,  D.,  Kojima,  H.,  Talanian,  R.  V.,  Alnemri, 
E.  S.,  Wong,  W.  W.,  and  Kufe,  D.  W.  (1996).  Activation  of  the 
Cpp32  protease  in  apoptosis  induced  by  1-beta-D-arabino- 
furanosylcytosine  and  other  DNA-damaging  agents.  Blood  88, 
1936-1943. 

35.  Pink,  J.  J.,  Wuerzberger-Davis,  S.,  Tagliarino,  C.,  Planchon, 
S.  M.,  Yang,  X.,  Froelich,  C.  J.,  and  Boothman,  D.  A.  (2000). 
Activation  of  a  cysteine  protease  in  MCF-7  and  T47D  breast 


cancer  cells  during  beta-lapachone-mediated  apoptosis.  Exp. 
Cell  Res.  255,  144-155. 

36.  Stone,  K.  R.,  Mickey,  D.  D.,  Wunderli,  H.,  Mickey,  G.  H.,  and 
Paulson,  D.  F.  (1978).  Isolation  of  a  human  prostate  carcinoma 
cell  line  (DU  145).  Int.  J.  Cancer.  21,  274-281. 

37.  Mickey,  D.  D.,  Stone,  K.  R.,  Wunderli,  H.,  Mickey,  G.  H„  and 
Paulson,  D.  F.  (1980).  Characterization  of  a  human  prostate 
adenocarcinoma  cell  line  (DU  145)  as  a  monolayer  culture  and 
as  a  solid  tumor  in  athymic  mice.  Prog.  Clin.  Biol.  Res.  37, 
67-84. 

38.  Horoszewicz,  J.  S.,  Leong,  S.  S.,  Kawinski,  E.,  Karr,  J.  P,, 
Rosenthal,  H.,  Chu,  T.  M.,  Mirand,  E.  A.,  and  Murphy,  G.  P. 
(1983).  LNCaP  model  of  human  prostatic  carcinoma.  Cancer 
Res.  43,  1809-1818. 

39.  Gustafson,  D.  L.,  Beall,  H.  D.,  Bolton,  E.  M.,  Ross,  D.,  and 
Waldren,  C.  A.  (1996).  Expression  of  human  NAD(P)H:quinone 
oxidoreductase  (DT-diaphorase)  in  Chinese  hamster  ovary 
cells:  Effect  on  the  toxicity  of  antitumor  quinones.  Mol.  Phar¬ 
macol.  50,  728-735. 

40.  Sambrook,  J.,  Fritsch,  E.  F,,  and  Maniatis,  T.  (1989).  “Molecu¬ 
lar  Cloning — A  Laboratory  Manual,”  Cold  Spring  Harbor  Lab¬ 
oratory  Press,  Cold  Spring  Harbor,  NY. 

41.  Rago,  R.,  Mitchen,  J.,  and  Wilding,  G.  (1990).  DNA  fluorometric 
assay  in  96-well  tissue  culture  plates  using  Hoechst  33258  after 
cell  lysis  by  freezing  in  distilled  water.  Anal.  Biochem.  191, 
31-34. 

42.  Siegel,  D.,  Franklin,  W.  A.,  and  Ross,  D.  (1998).  Immunohisto- 
chemical  detection  of  NAD(P)H:quinone  oxidoreductase  in  hu¬ 
man  lung  and  lung  tumors.  Clin.  Cancer  Res.  4,  2065-2070. 

43.  Fitzsimmons,  S.  A.,  Workman,  P.,  Grever,  M.,  Pauli,  K.,  Ca- 
malier,  R.,  and  Lewis,  A.  D.  (1996).  Reductase  enzyme  expres¬ 
sion  across  the  National  Cancer  Institute  tumor  cell  line  panel: 
Correlation  with  sensitivity  to  mitomycin  C  and  E09  [see  com¬ 
ments].  J.  Natl.  Cancer  Inst.  88,  259-269. 

44.  Thor,  H.,  Smith,  M.  T.,  Hartzell,  P.,  Bellomo,  G.,  Jewell,  S.  A., 
and  Orrenius,  S.  (1982).  The  metabolism  of  menadione  (2-meth¬ 
yl- 1,4-naphthoquinone)  by  isolated  hepatocytes:  A  study  of  the 
implications  of  oxidative  stress  in  intact  cells.  J.  Biol.  Chem. 
257,  12419-12425. 

45.  Hollander,  P.  M.,  Bartfai,  T.,  and  Gatt,  S.  (1975).  Studies  on  the 
reaction  mechanism  of  DT  diaphorase:  Intermediary  plateau 
and  trough  regions  in  the  initial  velocity  vs  substrate  concen¬ 
tration  curves.  Arch.  Biochem.  Biophys.  169,  568-576. 

46.  Strobel,  H.  W.,  and  Dignam,  J.  D.  (1978).  Purification  and 
properties  of  NADPH-cytochrome  P-450  reductase.  Methods 
Enzymol.  52,  89-96. 

47.  Preusch,  P.  C.,  Siegel,  D.,  Gibson,  N.  W.,  and  Ross,  D.  (1991).  A 
note  on  the  inhibition  of  DT-diaphorase  by  dicoumarol.  Free 
Radical  Biol.  Med.  11,  77-80. 

48.  Lotem,  J.,  and  Sachs,  L.  (1996).  Differential  suppression  by 
protease  inhibitors  and  cytokines  of  apoptosis  induced  by  wild- 
type  p53  and  cytotoxic  agents  [published  erratum  appears  in 
(1997)  Proc.  Natl.  Acad.  Sci.  USA  94,  1603].  Proc.  Natl.  Acad. 
Sci.  USA  93,  12507-12512. 

49.  Rao,  L.,  Perez,  D.,  and  White,  E.  (1996).  Lamin  proteolysis 
facilitates  nuclear  events  during  apoptosis.  J.  Cell  Biol.  135, 
1441-1455. 

50.  Zhivotovsky,  B.,  Gahm,  A.,  and  Orrenius,  S.  (1997).  Two  differ-  * 
ent  proteases  are  involved  in  the  proteolysis  of  lamin  during 
apoptosis.  Biochem.  Biophys.  Res.  Commun.  233,  96-101. 

51.  Margolin,  N.,  Raybuck,  S.  A.,  Wilson,  K.  P.,  Chen,  W.,  Fox,  T., 
Gu,  Y.,  and  Livingston,  D.  J.  (1997).  Substrate  and  inhibitor 
specificity  of  interleukin- 1  beta-converting  enzyme  and  related 
caspases.  J.  Biol.  Chem.  272,  7223-7228. 


106 


PLANCHON  ET  AL. 


52.  Kaiser,  N.(  and  Edelman,  I.  S.  (1977).  Calcium  dependence  of 
glucocorticoid-induced  lymphocytolysis.  Proc.  Natl.  Acad.  Sci. 
USA  74,  638-642. 

53.  Lam,  M.,  Dubyak,  G.,  and  Distelhorst,  C.  W.  (1993).  Effect  of 
glucocorticosteroid  treatment  on  intracellular  calcium  ho¬ 
meostasis  in  mouse  lymphoma  cells.  Mol.  Endocrinol.  7 ,  686- 
693. 

54.  Squier,  M.  K.,  and  Cohen,  J.  J.  (1997).  Calpain,  an  upstream 
regulator  of  thymocyte  apoptosis.  J.  Immunol.  158,  3690-3697. 

55.  Nath,  R.,  Raser,  K.  J.,  Stafford,  D.,  Hajimohammadreza,  I., 
Posner,  A.,  Allen,  H.,  Talanian,  R.  V.,  Yuen,  P.,  Gilbertsen, 
R.  B.,  and  Wang,  K.  K.  (1996).  Non-erythroid  alpha-spectrin 
breakdown  by  calpain  and  interleukin  1  beta-converting-en¬ 
zyme-like  protease (s)  in  apoptotic  cells:  Contributory  roles  of 
both  protease  families  in  neuronal  apoptosis.  Biochem.  J.  319, 
683-690. 

56.  Vanags,  D.  M.,  Porn- Ares,  M.  I.,  Coppola,  S.,  Burgess,  D.  H., 
and  Orrenius,  S.  (1996).  Protease  involvement  in  fodrin  cleav¬ 
age  and  phosphatidylserine  exposure  in  apoptosis.  J.  Biol. 
Chem.  271,  31075-31085. 

57.  Li,  Y.  Z.,  Li,  C.  J.,  Pinto,  A.  V.,  and  Pardee,  A.  B.  (1999).  Release 
of  mitochondrial  cytochrome  C  in  both  apoptosis  and  necrosis 
induced  by  beta-lapachone  in  human  carcinoma  cells.  Mol.  Med. 
5,  232-239. 


58.  Nishizaki,  K.,  Yoshino,  T.,  Orita,  Y.,  Nomiya,  S.,  and  Masuda, 
Y.  (1999).  TUNEL  staining  of  inner  ear  structures  may  reflect 
autolysis,  not  apoptosis.  Hear.  Res.  130,  131-136. 

59.  Boothman,  D.  A.,  and  Pardee,  A.  B.  (1989).  Inhibition  of  radia¬ 
tion-induced  neoplastic  transformation  by  beta-lapachone. 
Proc.  Nad.  Acad.  Sci.  USA  86,  4963-4967. 

60.  Boothman,  D.  A.,  Greer,  S.,  and  Pardee,  A.  B.  (1987).  Potenti¬ 
ation  of  halogenated  pyrimidine  radiosensitizers  in  human  car¬ 
cinoma  cells  by  beta-lapachone  (3,4-dihydro-2,2-dimethyl-2H- 
naphtho [  1 , 2-b] pyran-5 ,6-dione) ,  a  novel  DNA  repair  inhibitor. 
Cancer  Res.  47,  5361-5366. 

61.  Boothman,  D.  A.,  and  Pardee,  A.  B.  (1989).  Inhibition  of  radia¬ 
tion-induced  neoplastic  transformation  by  beta-lapachone. 
Proc.  Natl.  Acad.  Sci.  USA  86,  4963-4967. 

62.  Segura-Aguilar,  J.,  Cortes-Vizcaino,  V.,  Llombart-Bosch,  A., 
Ernster,  L.,  Monsalve,  E.,  and  Romero,  F.  J.  (1990).  The  levels 
of  quinone  reductases,  superoxide  dismutase  and  glutathione- 
related  enzymatic  activities  in  diethylstilbestrol-induced  carci¬ 
nogenesis  in  the  kidney  of  male  Syrian  golden  hamsters.  Car¬ 
cinogenesis  11,  1727-1732. 

63.  Leonard,  T.  B.,  Dent,  J.  G.,  Graichen,  M.  E.,  Lyght,  O.,  and 
Popp,  J.  A.  (1982).  Comparison  of  hepatic  carcinogen  initiation- 
promotion  systems.  Carcinogenesis  3,  851-856. 


Received  January  3,  2001 

Revised  version  received  March  16,  2001 


Experimental  Cell  Research  255,  144-155  (2000) 

doi:  10. 1 006/excr.  1 999.4790,  available  online  at  http://www.idealibrary.com  on  I  D  I 


Activation  of  a  Cysteine  Protease  in  MCF-7  and  T47D  Breast  Cancer 
Cells  during  /3-Lapachone-Mediated  Apoptosis 

John  J.  Pink,*  Shelly  Wuerzberger-Davis,*1  Colleen  Tagliarino,*  Sarah  M.  Planchon,*  XiaoHe  Yang.t 

Christopher  J.  Froelich.t  and  David  A.  Boothman*2 

*  Laboratory  of  Molecular  Stress  Responses,  Department  of  Radiation  Oncology,  Case  Western  Reserve  University,  Cleveland,  Ohio  44106; 
and  t Evanston  Northwestern  Healthcare  Research  Institute,  Evanston,  Illinois  60201 


/3-Lapachone  (/3-lap)  effectively  killed  MCF-7  and 
T47D  cell  lines  via  apoptosis  in  a  cell-cycle-indepen¬ 
dent  manner.  However,  the  mechanism  by  which  this 
compound  activated  downstream  proteolytic  execu¬ 
tion  processes  were  studied.  At  low  concentrations, 
/3-lap  activated  the  caspase-mediated  pathway,  similar 
to  the  topoisomerase  I  poison,  topotecan;  apoptotic 
reactions  caused  by  both  agents  at  these  doses  were 
inhibited  by  zVAD-fmk.  However  at  higher  doses  of 
/3-lap,  a  novel  non-caspase-mediated  “atypical”  cleav¬ 
age  of  PARP  (i.e.,  an  ~60-kDa  cleavage  fragment)  was 
observed.  Atypical  PARP  cleavage  directly  correlated 
with  apoptosis  in  MCF-7  cells  and  was  inhibited  by  the 
global  cysteine  protease  inhibitors  iodoacetamide  and 
AT-ethylmaleimide.  This  cleavage  was  insensitive  to  in¬ 
hibitors  of  caspases,  granzyme  B,  cathepsins  B  and  L, 
trypsin,  and  chymotrypsin-like  proteases.  The  pro¬ 
tease  responsible  appears  to  be  calcium-dependent 
and  the  concomitant  cleavage  of  PARP  and  p53  was 
consistent  with  a  /3-lap-mediated  activation  of  calpain. 
/3-Lap  exposure  also  stimulated  the  cleavage  of  lamin 
B,  a  putative  caspase  6  substrate.  Reexpression  of  pro- 
caspase-3  into  caspase-3-null  MCF-7  cells  did  not  affect 
this  atypical  PARP  proteolytic  pathway.  These  find¬ 
ings  demonstrate  that  /3-lap  kills  cells  through  the  cell- 
cycle-independent  activation  of  a  noncaspase  proteo¬ 
lytic  pathway.  ©  2000  Academic  Press 

Key  Words:  apoptosis;  /3-lapachone;  caspase;  breast 
cancer;  poly(ADP)-ribose  polymerase;  PARP;  calpain; 
topotecan. 


INTRODUCTION 

The  execution  phase  of  apoptosis  culminates  in  the 
activation  of  a  cascade  of  specific  cysteine  proteases 

1  Current  address:  Department  of  Human  Oncology,  University  of 
Wisconsin  Comprehensive  Cancer  Center,  Madison,  WI  53792. 

2  To  whom  reprint  requests  should  be  directed  at  the  Department 
of  Radiation  Oncology,  Laboratory  of  Molecular  Stress  Responses, 
BRB-3  East,  Case  Western  Reserve  University  School  of  Medicine, 
10900  Euclid  Avenue,  Cleveland,  OH  44106-4942.  Fax:  (216)  368- 
1142.  E-mail:  dab30@po.cwru.edu. 


which  cleave  following  aspartate  residues  in  target 
proteins.  These  proteases,  named  caspases  [1],  com¬ 
prise  a  family  of  zymogens  that  are  converted  to  acti¬ 
vated  proteases  by  specific  cleavage  reactions.  Sub¬ 
strate  cleavage  products  include  the  89-kDa  fragment 
of  poly(ADP-ribose)  polymerase  (PARP),  the  46-kDa 
polypeptide  of  lamin  B,  the  ~100-kDa  C-terminally  or 
~68-kDa  internally  cleaved  polypeptides  of  retinoblas¬ 
toma  protein  (pRb),  and  the  ~68-kDa  fragment  derived 
from  Spl  [2-5].  The  cleavage  sites  within  some  apop¬ 
totic  death  substrates  have  been  precisely  mapped  and 
used  to  design  inhibitors  of  the  caspases,  such  as 
zVAD-fmk  and  DEVD-fmk,  which  were  developed  us¬ 
ing  the  recognition  sites  for  caspases- 1  and  -3,  respec¬ 
tively  [6].  In  contrast,  the  global  cysteine  protease  in¬ 
hibitors  iodoacetamide  and  N-ethylmaleimide  react 
directly  with  active  site  cysteines  and  thereby  inhibit 
all  cysteine  proteases,  as  well  as  other  enzymes  that 
contain  accessible  -SH  groups  [7,  8]. 

While  a  great  deal  of  information  regarding  the  ac¬ 
tion  of  caspases  during  apoptosis  has  been  generated, 
less  is  known  about  alternate  apoptotic  proteolytic 
pathways  that  are  activated  after  treatment  with  var¬ 
ious  cytotoxic  agents.  A  number  of  reports  have  shown 
that  the  neutral  calcium-dependent  protease  calpain 
can  be  activated  during  apoptosis  [9-1 1];  a  key  in  vivo 
target  of  calpain  appears  to  be  p53.  Other  reports  have 
demonstrated  the  activation  of  noncaspase  proteases, 
such  as  the  nuclear  scaffold  protease  [12,  13]  and  un¬ 
known  serine  proteases  during  apoptosis  [14,  15].  The 
serine  protease (s)  described  in  these  studies  appeared 
to  be  distinct  from  granzyme  B,  which  induces  apopto¬ 
sis  through  caspase  activation  [16]. 

/3-Lapachone  (/3-lap)  is  a  naturally  occurring  1,2- 
naphthoquinone  initially  isolated  from  the  bark  of  the 
lapacho  tree,  native  to  South  America.  We  previously 
demonstrated  that  this  drug  is  a  radiosensitizing  agent 
against  human  laryngeal  carcinoma  and  melanoma 
cell  lines  [17].  Using  cell-free  assays,  /3-lap  inhibited 
topoisomerase  I  (Topo  I)  by  a  mechanism  quite  differ¬ 
ent  from  that  of  camptothecin  (CPT)  or  the  related 
compounds  topotecan  (TPT),  9-aminocamptothecin,  or 
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irinotecan  [18].  For  example,  /3-lap  administration  did 
not  stabilize  Topo  I-DNA  cleavable  complexes  in  vivo 
[19]  or  in  vitro  [20].  In  contrast,  the  CPT  family  mem¬ 
bers  stabilized  cleavable  complexes  [19],  resulting  in 
the  formation  of  DNA  single-strand  nicks  [21]  and  in¬ 
duction  of  wild-type  p53  [22].  The  fact  that  /3-lap  did 
not  produce  DNA  single-strand  nicks  in  human  or 
hamster  cancer  cells  [21,  23]  was  indirectly  confirmed 
by  the  absence  of  wild-type  p53  induction  in  breast  or 
prostate  cancer  cells  [18,  24].  While  in  vitro  assays 
indirectly  suggested  that  Topo  I  may  be  an  intracellu¬ 
lar  target  of  /3-lap,  it  seemed  likely  that  it  was  not  the 
only  mechanism  through  which  this  compound  acted 
[24,  25],  We  recently  reported  that  the  cytotoxicity 
caused  by  /3-lap  in  MCF-7  breast  cancer  cells  could  be 
solely  accounted  for  by  apoptotic  responses  [24]. 

Recent  results  have  suggested  that  /3-lap  can  lead  to 
Topo  Ila-mediated  DNA  breaks  [25].  In  contrast  to  Topo 
I,  topoisomerase  Ila  causes  ATP-dependent,  double¬ 
strand  DNA  unwinding  [26],  Topo  Ila  also  shares  an¬ 
other  important  distinction  from  Topo  I,  in  its  cell  cycle 
regulation.  Topo  I  is  consistently  expressed  throughout 
the  cell  cycle  while  Topo  Ila  is  poorly  expressed  during 
G0/G!  and  expression  increases  during  S  phase,  reaching 
a  peak  during  late  S  and  G2  [27].  Drugs  which  primarily 
target  Topo  Ila  are,  therefore,  cell  cycle  specific  [28], 
while  Topo  I-specific  drugs  can  kill  cells  in  all  phases  of 
the  cell  cycle  [29].  Variation  in  sensitivity  to  either  /3-lap 
or  TPT  during  different  cell-cycle  stages  was  measured  to 
address  the  relative  importance  of  Topo  I  and  Topo  Ila 
activity  for  the  cytotoxicity  of  these  drugs. 

Interestingly,  /3-lap-mediated  apoptosis  in  MCF-7 
cells  was  accompanied  by  a  dramatic  decrease  in  p53 
steady-state  levels,  prior  to  the  appearance  of  apoptotic 
morphologic  changes  [24].  We  were,  therefore,  inter¬ 
ested  to  see  if  this  relationship  between  loss  of  survival 
and  apoptosis  held  true  for  other  breast  cancer  cells. 
We  describe  the  activation  of  a  noncaspase,  cysteine 
protease,  which  shares  some  characteristics  with  the 
neutral  calcium-dependent  protease,  calpain,  during 
/3-lap-mediated  apoptosis.  /3-Lap-mediated  cell  death 
and  proteolysis  are  induced  in  all  phases  of  the  cell 
cycle,  suggesting  that  topoisomerase  Ila  was  not  the 
critical  target  for  this  death  pathway. 

MATERIALS  AND  METHODS 

Chemicals  and  tissue  culture  reagents.  Estradiol  (Ez),  4-hy- 
droxytamoxifen  (4-OHT)  (Sigma  Chemical  Co.,  St.  Louis,  MO),  or  ICI 
182,780  (a  generous  gift  from  Dr.  V.  Craig  Jordan,  Northwestern 
University)  were  dissolved  in  100%  ethanol  as  1000X  stocks  and 
maintained  at  -20°C.  0-Lap  (MW  242,  e  =  25790),  generously  sup¬ 
plied  by  Dr.  William  G.  Bornmann  (Memorial  Sloan  Kettering,  New 
York,  NY),  and  TPT  (Smith  Kline  Beecham,  Philadelphia,  PA)  were 
dissolved  in  DMSO  and  concentrations  confirmed  by  spectrophoto- 
metrlc  analyses  [24,  30].  Nocodazole  was  purchased  from  Sigma 
Chemical  Co.,  and  a  2  mg/ml  stock  solution  was  made  in  DMSO 
immediately  before  use.  All  tissue  culture  reagents  were  purchased 


TABLE  1 

Characteristics  of  Breast  Cancer  Cell  Lines 


Cell  line 

ER 

p53 

pRb 

MCF-7:WS8 

+  +  +  + 

WT 

+ 

T47D:A18 

+  + 

Mutant 

+ 

from  GIBCO 

Laboratories  (Grand  Island, 

NY),  unless 

otherwise 

stated.  Charcoal-stripped  serum  was  prepared  by  treating  fetal  bo¬ 
vine  serum  (FBS)  three  times  with  dextran- coated  charcoal  as  de¬ 
scribed  [31]. 

Antibodies  and  protease  inhibitors.  The  C-2- 1 0  PARP  monoclonal 
antibody  was  purchased  from  Enzyme  Systems  Products  (Dublin, 
CA).  An  N-terminal  PARP  (clone  N-20),  an  Spl  polyclonal,  a  p53 
monoclonal  (clone  DO-1),  and  all  horseradish  peroxidase-conjugated 
secondary  antibodies  were  obtained  from  Santa  Cruz  Biotechnolo¬ 
gies  (Santa  Cruz,  CA).  Monoclonal  antibodies  to  pRb  (clone  G3-245) 
and  underphosphorylated  pRb  (clone  G99-549)  were  obtained  from 
PharMingen  (San  Diego,  CA).  A  polyclonal  antibody  specific  to  phos- 
phorylated  serine  780  of  the  pRb  protein  was  obtained  from  Medical 
and  Biological  Laboratories  Co.  Ltd.  (Boston,  MA).  Antibody  to 
caspase-3  was  obtained  from  Transduction  Laboratories  (Lexington, 
KY).  Antibody  to  lamin  B  was  obtained  from  Matritech,  Inc.  (Cam¬ 
bridge,  MA).  zVAD-fmk,  DEVD-fmk,  zFA-fmk,  and  zAAD-fmk  were 
obtained  from  Enzyme  Systems  Products  (Dublin,  CA),  diluted  in 
DMSO,  and  used  at  25  pM  unless  otherwise  stated.  TPCK,  TLCK, 
iodoacetamide,  and  N-ethylmaleimide  were  purchased  from  Sigma 
Chemical  Co.  and  diluted  in  DMSO  (TPCK  and  TLCK),  ethanol 
(A-ethylmaleimide),  or  water  (iodoacetamide).  The  pBabe/puro  vec¬ 
tor  was  a  generous  gift  from  Dr.  Todd  Sladek. 

Tissue  culture  and  growth  conditions.  MCF-7:WS8,  T47D:A18 
(clones  of  the  standard  MCF-7  and  T47D  cell  lines,  selected  by 
limiting  dilution  cloning  of  the  parental  cell  lines  in  whole  serum 
[31-33],  referred  to  as  MCF-7  and  T47D  in  the  text)  were  obtained 
from  Dr.  V.  Craig  Jordan  (Northwestern  University,  Chicago,  IL). 
The  ER,  p53,  and  pRb  statuses  of  these  cell  lines  are  outlined  in 
Table  1.  Cells  were  grown  in  RPMI  1640  medium  supplemented  with 
10%  FBS,  6  ng/ml  bovine  insulin,  2  mM  L-glutamine,  100  U/ml 
penicillin,  and  100  mg/ml  streptomycin.  For  estrogen-free  tissue 
culture  medium,  phenol  red-free  RPMI  and  charcoal-stripped  FBS 
were  used  as  previously  described  [31].  Cells  were  routinely  passed 
at  1:5  to  1:20  dilutions  once  per  week  using  0.1%  trypsin.  All  cells 
were  mycoplasma  free  and  grown  at  37°C  in  a  humidified  incubator 
with  5%  C02-95%  air  atmosphere. 

Growth  assays  and  estrogen-deprivation  studies.  Forty-eight- 
hour  or  6-day  growth  assays  were  used  to  assess  the  relative  sensi¬ 
tivities  of  breast  cancer  cells  to  various  drug  treatments  as  previ¬ 
ously  described  [31-33].  For  estrogen-deprivation  studies,  cells  were 
grown  in  estrogen-free  medium  for  at  least  4  days  prior  to  the  start 
of  experiments.  Cells  were  seeded  into  96-well  plates  (1.5  X  103  or 
1  x  104  cells/well)  in  0.2  ml  of  medium  on  day  0  and  allowed  to  attach 
for  24  h.  On  day  1,  fresh  medium  containing  the  indicated  drug(s) 
was  added  to  the  appropriate  wells.  E2,  4-OHT,  or  ICI  182,780  (ICI) 
were  added  to  cells  at  1:1000  dilutions  from  appropriate  stock  solu¬ 
tions.  Estrogen-deprivation  significantly  retarded  cell  growth  and 
dramatically  increased  the  proportion  of  MCF-7  and  T47D  cells  in 
G,.  For  MCF-7,  83%  G,  cells  were  observed  after  6  days  of  growth  in 
estrogen-free  medium  compared  to  53%  in  log-phase  cultures. 
Changes  in  cell  number,  measured  as  DNA  content,  were  then  de¬ 
termined  in  untreated  or  drug-treated  cells  by  an  adaptation  of  the 
method  of  Labarca  and  Paigen  [34]  and  analyzed  using  a  Molecular 
Dynamics  Biolumin  960  plate  reader  with  an  excitation  wavelength 
of  360  and  emission  wavelength  of  450  nm.  Data  were  expressed  as 
relative  growth  ( TIC)  by  dividing  the  DNA  content  of  treated  cells 
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(7)  by  that  of  untreated  cells  {Q  at  identical  times.  Data  points 
represent  the  means  ±  SEM  of  at  least  four  replicate  wells.  All 
experiments  were  performed  at  least  three  times. 

Western  immunoblot  analyses.  Whole-cell  extracts  were  prepared 
by  direct  lysis  of  PBS-washed  cells  (both  floating  and  attached  cells 
were  pooled)  in  PARP  extraction  buffer  [6  M  urea,  2%  SDS,  10% 
glycerol,  62.5  mM  Tris-HCl  (pH  6.8),  5%  /3-mercaptoethanol,  and  5 
mg/ml  bromphenol  blue].  Samples  were  then  sonicated  with  a  I5-s 
burst  using  a  Fisher  550  sonic  dismembrator.  Equal  amounts  of 
protein  were  heated  at  65°C  for  10  min  and  separated  by  10% 
SDS-PAGE.  Separated  proteins  were  transferred  to  Immobilon-P 
(Millipore  Corp.,  Bedford,  MA)  membranes  using  a  Multiphor  II 
semidry  electroblotting  device  (Pharmacia  Biotech  Inc.,  Piscataway, 
NJ)  according  to  the  manufacturer’s  instructions.  Loading  equiva¬ 
lence  and  transfer  efficiency  were  monitored  by  Ponceau  S  staining 
of  transferred  membranes.  Standard  Western  immunoblotting  tech¬ 
niques  were  used  to  probe  for  various  steady-state  protein  levels  as 
indicated  and  previously  described  [18,  24].  Proteins  of  interest  were 
visualized  with  ECL  using  the  Super  Signal  chemiluminescence 
reagent  (Pierce  Chemical  Co.,  Rockford,  IL)  at  20°C  for  5  min.  Mem¬ 
branes  were  exposed  to  X-ray  film  and  developed.  Gels  shown  rep¬ 
resent  results  of  experiments  repeated  at  least  three  times. 

Flow  cytometry.  Flow  cytometric  analyses  of  breast  cancer  cell 
lines  before  and  after  /3-lap  or  TPT  treatments  were  performed  as 
previously  described  [18,  24].  TUNEL  assays  were  performed  using 
the  APO-DIRECT  kit  (Phoenix  Flow  Systems,  Inc.,  San  Diego,  CA). 
The  samples  were  read  in  a  EPICS  Elite  ESP  flow  cytometer  using 
an  air-cooled  argon  laser  at  488  nm,  15  mW  (Beckman  Coulter 
Electronics,  Miami,  FL).  Propidium  iodide  was  read  at  640  nm  using 
a  long-pass  optical  filter  and  FITC  was  read  at  525  nm  using  a 
band-pass  filter.  Analyses  were  performed  using  the  Elite  acquisition 
software  provided  with  the  instrument. 

Retroviral-media  ted  stable  expression  of  caspase  3  in  MCF-7  cells. 
The  pBabe/puro/cpp32  plasmid  was  constructed  by  treating  the 
BamHUPstl  cpp32  cDNA  insert  from  the  pBS/cpp32  plasmid  (a  gen¬ 
erous  gift  from  Dr.  Vishva  Dixit,  Genentech,  Inc.)  with  T4  DNA 
polymerase  and  then  subcloning  into  the  blunt-ended  pBabe/puro 
vector. 

MCF-7  cells  (3  X  10s  cells/plate)  were  seeded  and  allowed  to  grow 
overnight.  The  pBabe/puro  retroviral  vector  (a  generous  gift  from  Dr. 
T.  Sladek,  Chicago  Medical  School)  (2  /xg/plate)  encoding  cpp32 
(caspase-3)  cDNA  or  empty  vector  was  mixed  with  10  pX  of  Lipo- 
fectAMINE  (Life  Technologies,  Gaithersburg,  MD)  and  transfected 
into  cells  according  to  the  manufacturer’s  instructions.  After  trans¬ 
fection  (24  h),  cells  were  split,  diluted,  and  inoculated  into  96-well 
plates.  Transfected  cells  were  selected  with  2  pg/ml  puromycin. 
Individual  clones  were  screened  by  immunoblot  analysis  of  caspase-3 
expression  and  positive  clones  (5  of  12)  were  pooled  for  further 
characterization.  A  single  caspase-3-expressing  clone  was  selected 
for  investigation. 

RESULTS 

Relative  drug  sensitivities.  Log-phase  MCF-7  and 
T47D  breast  cancer  cells  were  exposed  to  a  range  of 
/3-lap  or  TPT  doses  for  48  h  and  cell  numbers  were 
compared  (using  DNA  content  measurements)  to  un¬ 
treated,  log-phase  growing  control  cells  as  described 
under  Materials  and  Methods  (Fig.  1).  At  higher  doses, 
MCF-7  cells  were  more  sensitive  to  /3-lap  (IC75  =  3.5 
pM)  than  were  T47D  cells  (IC75  =  7.0  /xM);  however, 
the  IC50  dose  was  very  similar  in  both  cell  lines.  In 
contrast,  T47D  cells  were  more  sensitive  to  TPT  at  all 
doses  tested,  with  IC50  and  IC75  values  of  20  and  500 


B-Lap  Cone.  (pM)  TPT  Cone.  (pM) 

MCF-7:WS8  ~0~  T47D:A18 


FIG.  1.  Sensitivities  of  breast  cancer  cells  to  /3-lap  or  TPT.  Cells 
were  seeded  into  96-well  tissue  culture  plates  (1.5  X  103  cells/well) 
and  allowed  to  attach  overnight.  Drugs  were  then  added  and  cells 
were  allowed  to  grow  for  an  additional  48  h,  as  described  under 
Materials  and  Methods.  Cell  number  was  assessed  using  Hoechst 
33258  fluorescence,  and  relative  growth  inhibition  (Relative  DNA 
Content  T/C)  was  calculated.  Shown  are  toxicities  for  MCF-7  (■)  and 
T47D  (O)  cell  lines  exposed  to  various  concentrations  of  /3-lap  or  TPT. 
Data  shown  are  representative  of  at  least  two  experiments  expressed 
as  means  ±  SEM  of  at  least  four  replicate  wells. 

nM,  respectively,  compared  with  MCF-7  cells  IC50  and 
IC75  values  of  350  nM  and  4.0  pM ,  respectively.  Differ¬ 
ences  in  relative  sensitivities  to  TPT  compared  to  /3-lap 
suggested  a  disparate  mechanism(s)  of  growth  inhibi¬ 
tion  or  cell  death  (possibly  due  to  apoptosis). 

Cell  cycle-independent  cytotoxicity .  Since  Topo  I 
poisons  are  thought  to  kill  cycling,  but  not  arrested, 
cells  (presumably  due  to  DNA  synthesis  past  Topo 
I -DNA  “cleavable  complexes”),  we  assessed  the  influ¬ 
ence  of  cell  cycle  progression  on  /3-lap  compared  to  TPT 
cytotoxicity  using  DNA  content  assays.  In  addition, 
these  studies  would  address  the  relative  role  of  topo- 
isomerase  Ila  inhibition  in  /3-lap-mediated  cytotoxic¬ 
ity,  due  to  the  cell-cycle-dependent  expression  of  this 
protein.  These  studies  utilized  the  estrogen-dependent 
MCF-7  and  T47D  breast  cancer  cell  lines,  since  their 
growth  in  estrogen-deprived,  phenol  red-free  culture 
medium  has  been  well  defined  [33].  Cells  were  de¬ 
prived  of  estrogen  for  6  days,  which  caused  a  signifi¬ 
cant  G,  delay  at  a  predetermined  point  in  the  cell  cycle 
[33,  35,  36],  prior  to  addition  of  either  /3-lap  or  TPT. 
Cells  were  then  exposed  to  various  concentrations  of 
/3-lap  or  TPT  in  estrogen-deprived  (control)  medium, 
control  medium  containing  E2  (10  nM),  or  medium 
containing  whole  serum  alone  or  in  the  presence  of 
inhibitory  concentrations  of  the  anti-estrogens  4-OHT 
or  ICI  for  48  h  (Fig.  2).  Both  cell  lines  were  stimulated 
to  enter  the  cell  cycle  and  begin  log-phase  growth  after 
addition  of  medium  containing  17/3-estradiol  or  whole 
serum.  Addition  of  anti-estrogens  specifically  inhibited 
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FIG.  2.  /3-Lap-  or  TPT-mediated  cytotoxicity  of  Gr -arrested  cells. 
MCF-7  and  T47D  estrogen-dependent  cell  lines  were  grown  for  6 
days  in  estrogen-depleted,  phenol  red-free  medium  and  exposed  to 
varying  concentrations  of  /3-lap  or  TPT  for  6  days,  as  indicated. 
Drugs  were  included  in  RPMI  1640  medium  containing  estrogen- 
deprived  calf  serum  (control,  ■),  estrogen-replenished,  stripped  calf 
serum  (10  nM  E2,  ♦),  whole  serum  alone  (V),  or  whole  serum  treated 
with  the  anti-estrogens  4-hydroxytamoxifen  (100  nM,  O)  or  ICI 
182,780  (100  nM,  O).  Cell  number  was  then  assessed  after  6  days 
using  DNA  content  as  in  Fig.  1 .  Relative  cell  growth  of  treatment  was 
determined  using  the  DNA  content  of  cells  grown  in  comparable 
medium  without  /3-lap  or  TPT.  Data  shown  are  representative  of  at 
least  two  experiments  expressed  as  means  ±  SEM  of  at  least  four 
replicate  wells. 


estrogen-mediated  cell  growth.  Estrogen  deprivation 
and/or  anti-estrogen  administration  led  to  a  cytostatic 
growth  inhibition  of  75-85%  compared  with  cells 
grown  in  medium  containing  E2  or  whole  serum  (data 
not  shown  and  [32,  37]).  Additional  j3-lap  or  TPT  treat¬ 
ments  led  to  a  complete  loss  of  cells,  demonstrating  a 
similar  cytotoxic  response  in  both  log-phase  (+E2)  and 
arrested  (-E2  or  plus  antiestrogens)  cells  (Fig.  2). 

Apoptotic  protease  activation  after  (3-lap  or  TPT 
treatment.  To  investigate  caspase  activation  in 
MCF-7  and  T47D  breast  cancer  cells  following  TPT  or 
/3-lap  exposures,  we  examined  PARP  cleavage  using 
Western  immunoblot  analyses  as  described  under  Ma¬ 
terials  and  Methods.  Cells  were  treated  continuously 
with  5  to  10  pM  /3-lap  and  PARP  cleavage  was  assessed 
48  h  later.  Treatment  with  5  pM  /3-lap  induced  classic 
PARP  cleavage,  resulting  in  the  appearance  of  an  89- 
kDa  fragment  in  both  cell  lines  (Fig.  3).  In  MCF-7  cells, 


a  cross-reacting  protein  of  —80  kDa  (indicated  by  an 
asterisk  in  Figs.  3,  4,  and  5)  was  present  even  in 
untreated  cells.  The  identity  of  this  protein  is  un¬ 
known;  however,  it  does  appear  to  be  degraded  during 
apoptosis. 

At  higher  doses  of  /3-lap  we  observed  an  atypical 
— 60-kDa  PARP  fragment.  This  atypical  cleavage  of 
PARP  was  most  apparent  in  MCF-7  cells  (Fig.  3,  lanes 
4-6),  which  were  more  sensitive  to  /3-lap  (Figs.  1  and 
2).  In  general,  PARP  cleavage  reflected  the  relative 
sensitivity  of  each  cell  line  to  /3-lap,  by  which  MCF-7 
cells  demonstrated  primarily  the  atypical  cleavage  pat¬ 
tern  and  T47D  predominantly  showed  typical  caspase- 
mediated  PARP  cleavage  at  lower  doses  and  atypical 
PARP  cleavage  following  treatment  with  10  pM  /3-lap 
(see  lane  12,  Fig.  3).  A  minor  PARP  cleavage  fragment 
of  —40  kDa  was  also  observed  in  MCF-7  cells,  which 
display  maximal  amounts  of  the  60-kDa  PARP  frag¬ 
ment  (Fig.  3).  It  is  currently  unclear  whether  this  is  a 
unique  fragment  or  the  result  of  further  cleavage  of  the 
original  60-kDa  fragment.  Interestingly,  the  apparent 
amount  of  the  60-kDa  fragment  was  much  greater  than 
that  of  full-length  PARP  protein.  Loading  equivalence, 
as  assessed  by  Ponceau  S  staining,  showed  that  all 
lanes  contained  equal  amounts  of  protein.  This  appar¬ 
ent  incongruity  may  be  the  result  of  either  more  effi¬ 
cient  extraction  of  the  fragment  from  the  nuclear  ma¬ 
trix  or  increased  accessibility  of  the  epitope  to  the 
antibody,  after  /3-lap-induced  cleavage  (Fig.  3). 

MCF-7  and  T47D  cells  were  treated  with  a  range  of 
TPT  doses  (10  nM  to  10  pM)  for  48  h.  We  coadminis¬ 
tered  25  pM  zVAD-fmk,  a  caspase  inhibitor,  to  deter- 
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FIG.  3.  Atypical  and  classic  PARP  cleavage  in  breast  cancer  cells 
following  /3-lap  exposure.  Breast  cancer  cell  lines  were  treated  with 
/3-lap  (5-10  /xM)  for  48  h  and  whole-cell  lysates  prepared  at  various 
times  posttreatment  from  pooled  (attached  and  floating)  cells  and 
assessed  for  cleavage  of  PARP  using  standard  Western  immunoblot 
procedures  and  the  C-2-10  monoclonal  PARP  antibody,  described 
under  Materials  and  Methods.  An  unknown  ~80-kDa  cross-reacting 
protein  was  present  in  MCF-7  lysates  as  indicated  by  an  asterisk. 
The  Western  blot  shown  is  representative  of  at  least  three  separate 
experiments. 
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FIG.  4.  Caspase-mediated,  classical  PARP  cleavage  in  breast 
cancer  cells  following  TPT  treatment.  Log-phase  MCF-7  and  T47D 
cells  were  treated  with  10  nM  to  10  p.M  TPT  for  48  h.  Three  doses  of 
TPT  (50,  500,  and  5000  nM,  lanes  10-12  and  22-24,  top  and  bottom) 
also  included  the  caspase  inhibitor  zVAD-fmk  (25  piM).  An  unknown 
— 80-kDa  cross-reacting  protein  is  present  in  MCF-7  lysates  as  indi¬ 
cated  by  an  asterisk.  Cells  were  then  harvested  and  analyzed  by 
Western  immunoblotting  using  the  C-2-10  monoclonal  PARP  anti¬ 
body  as  described  for  Fig.  3. 


89-kDa  PARP  cleavage  fragment  observed  in  un- 
treated  MCF-7  cells  was  due  to  slight  overgrowth  of 
control  cells,  which  activated  a  basal  level  of  apoptosis 
and  classic  PARP  cleavage.  This  basal,  caspase-medi¬ 
ated  PARP  cleavage  was  completely  inhibited  by 
zVAD-fmk  in  both  cell  lines  (compare  the  minor  89- 
kDa  PARP  cleavage  fragment  in  lane  1  to  the  absence 
of  this  fragment  in  lane  2  for  MCF-7  in  Fig.  5). 

As  shown  in  Fig.  3,  T47D  cells  exposed  to  8  /xM  /3-lap 
for  48  h  showed  classic  PARP  cleavage.  As  expected, 
this  apoptotic  cleavage  reaction  was  completely 
blocked  by  coadministration  of  zVAD-fmk  at  25  /xM. 
/3-Lap-treated  T47D  cells  also  showed  cleavage  of  Spl, 
giving  rise  to  the  previously  described  68-kDa  frag¬ 
ment  [2].  In  addition,  T47D  cells  treated  with  /3-lap 
showed  a  loss  of  phosphorylated  pRb  and  appearance  of 
an  ~  1 00-kDa  cleavage  fragment,  previously  described 
by  Janicke  et  al.  [4]  (compare  lanes  13  and  19,  Fig.  5). 
All  cleavage  reactions  observed  in  T47D  cells  after 
/3-lap  treatment  were  completely  prevented  by  25  /xM 
zVAD-fmk.  However,  accumulation  of  hypophosphory- 


mine  if  PARP  cleavage  was  caused  by  caspase  activa¬ 
tion  after  three  doses  of  TPT  (50,  500,  and  5000  nM) 
(Fig.  4).  As  observed  following  /3-lap  exposures,  the 
relative  sensitivity  of  MCF-7  and  T47D  cells  to  the 
growth  inhibitory  effects  of  TPT  was  reflected  to  some 
degree  in  PARP  cleavage  (Fig.  4).  However,  the  doses  of 
TPT  required  to  elicit  PARP  cleavage  in  vivo  were 
significantly  above  the  apparent  IC50  values  for  each 
cell  line  (see  Fig.  1);  this  was  not  the  case  for  cells 
exposed  to  /3-lap.  These  data  are  consistent  with  pre¬ 
vious  data  demonstrating  that  /3-lap  is  a  much  more 
effective  inducer  of  apoptosis  than  CPT  or  its  deriva¬ 
tives  [20].  Coadministration  of  zVAD-fmk  inhibited 
TPT-mediated  PARP  cleavage  in  both  MCF-7  (lanes 
10-12)  and  T47D  cells  (lanes  22  and  23  with  50  and 
500  nM,  but  not  5000  nM,  TPT).  These  data  suggested 
that  TPT  exposure  led  to  the  activation  of  the  classic 
caspase  pathway.  Importantly,  no  dose  of  TPT  gave 
rise  to  the  atypical  PARP  cleavage  fragment,  even 
when  10  /xM  TPT  was  used  (lanes  9  and  21,  Fig.  4). 

Evidence  for  two  apoptotic  proteolytic  pathways  acti¬ 
vated  by  (3-lap.  In  order  to  determine  whether  atypi¬ 
cal  PARP  cleavage  observed  after  /3-lap  treatment  was 
the  result  of  an  activated  caspase  family  member,  or 
another  class  of  cysteine  proteases,  cells  were  exposed 
for  48  h  to  8  /xM  /3-lap  in  the  presence  of  a  battery  of 
known  protease  inhibitors  (Fig.  5).  Included  were  gen¬ 
eral  chemical  inhibitors  and  more  specific  cleavage  site 
inhibitors  [38].  Exposure  of  MCF-7  cells  to  8  /xM  /3-lap 
caused  apoptotic  responses  (measured  by  PARP,  pRb, 
and  Spl  cleavage)  that  were  insensitive  to  any  of  the 
inhibitors,  simultaneously  administered  at  previously 
determined  efficacious  doses  [38] .  The  modest  level  of 
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FIG.  5.  Effect  of  global  or  specific  cleavage  site  protease  inhibi¬ 
tors  on  /3-lap-mediated  atypical  PARP  cleavage.  Log-phase  MCF-7 
and  T47D  cells  were  grown  for  48  h  in  RPMI  medium  alone  or  in 
medium  containing  8  /xM  /3-lap.  Protease  inhibitors  were  coadmin¬ 
istered  with  /3-lap.  The  protease  inhibitors  used  were  25  /xM  zVAD- 
fmk  (a  caspase  family  inhibitor),  25  /xM  zAAD-fmk  (an  inhibitor  of 
granzyme  B),  25  /xM  zFA-fmk  (an  inhibitor  of  cathepsins  B  and  L), 
1.0  fiM  TPCK  (a  trypsin  inhibitor),  or  10  /xM  TLCK  (a  chymotrypsln 
inhibitor).  Control  cells  received  RPMI  medium  alone  (lanes  1  and 
13)  or  RPMI  medium  containing  8  /xM  /3-lap  (lanes  7  and  19).  Whole¬ 
cell  extracts  were  then  analyzed  by  Western  immunoblotting  as 
described  under  Materials  and  Methods  for  PARP  cleavage,  pRb 
dephosphorylation  and  cleavage,  and  cleavage  of  the  Spl  transcrip¬ 
tion  factor  by  repeated  probing  of  the  same  blots.  The  Western  blot 
shown  is  representative  of  at  least  three  separate  experiments. 
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lated  pRb  in  T47D  cells  following  /3-lap  treatment  was 
unaffected  by  the  administration  of  25  /xM  zVAD  (lanes 
19  to  20,  Fig.  5).  These  data  are  consistent  with  the 
activation  of  a  caspase-mediated  apoptotic  pathway  in 
T47D  cells  after  /3-lap  treatment,  which  may  be  down¬ 
stream  of  changes  in  pRb  phosphorylation  state. 

MCF-7  cells,  which  showed  only  atypical  PARP 
cleavage  after  8  /xM  /8-lap  exposure,  also  demonstrated 
an  overall  decline  in  Spl  steady-state  levels.  However, 
apoptotic  cleavage  fragments  (as  observed  in  T47D 
cells)  were  not  observed  after  extended  exposures  of 
the  Western  blots  in  Fig.  5  (not  shown).  MCF-7  cells 
treated  with  /3-lap  showed  an  overall  loss  of  pRb,  with 
the  presence  of  a  modest  amount  of  a  60-kDa  pRb 
fragment  (visible  after  extended  exposure,  data  not 
shown),  similar  to  that  described  by  An  and  Dou  [5]. 
pRb  cleavage  in  MCF-7  cells  caused  by  /3-lap  exposure 
was  not  affected  by  coadministered  protease  inhibitors 
(Fig.  5,  lanes  8-12). 

To  confirm  that  /3-lap  cytotoxicity  was  primarily  me¬ 
diated  by  the  induction  of  apoptosis  and  not  necrosis, 
we  utilized  the  TUNEL  assay,  which  measures  DNA 
breaks  created  by  apoptotic  endonucleases  [39] .  MCF-7 
cells  were  exposed  to  a  4-h  pulse  of  8  /xM  /3-lap  and 
analyzed  for  terminal  deoxynucleotide  transferase-me¬ 
diated  incorporation  of  FITC-labeled  dUTP,  20  h  later. 
Greater  than  90%  of  the  /3-lap-treated  MCF-7  cells 
were  TUNEL  positive  (Fig.  6).  This  finding,  in  addition 
to  the  dramatic  nuclear  condensation  reported  previ¬ 
ously  [24],  confirms  that  cytotoxicity  caused  by  /3-lap  is 
primarily  apoptotic  and  not  due  to  necrosis. 

The  global  cysteine  protease  inhibitors  iodoacet- 
amide  and  A-ethylmaleimide  [7,  40,  41]  were  used  to 
determine  if  a  cysteine  protease  was  responsible  for  the 
formation  of  atypical  PARP  cleavage  fragments  in 
MCF-7  cells  (Figs.  3  and  5).  MCF-7  cells  were  treated 
with  5  /xM  /3-lap  in  medium  with  or  without  10  mM 
iodoacetamide  or  10  mM  7V-ethylmaleimide  (data  not 
shown).  Cleavage  of  PARP  was  prevented  by  both  in¬ 
hibitors,  but  was  not  inhibited  by  the  caspase  inhibi¬ 
tors  zVAD-fmk  or  DEVD-fmk  (Fig.  5  and  data  not 
shown),  suggesting  that  a  noncaspase,  cysteine  pro¬ 
tease  was  primarily  responsible  for  the  atypical  PARP 
cleavage  observed  after  /3-lap  treatment.  Administra¬ 
tion  of  Af-ethylmaleimide  caused  a  mobility  shift  of  the 
full-length  PARP  band,  possibly  due  to  methylation  of 
cysteine  and  methionine  groups  in  the  protein  [40]. 
Neither  iodoacetamide  nor  Af-ethylmaleimide  pre¬ 
vented  /3-lap-mediated  apoptosis  in  MCF-7  cells. 

Simultaneous  cleavage  of  PARP  and  p53.  The  inhi¬ 
bition  of  PARP  cleavage  by  cysteine-alkylating  agents 
suggested  that  a  noncaspase  cysteine  protease  may  be 
responsible  for  the  atypical  PARP  cleavage  observed  in 
cells  after  treatment  with  /3-lap.  One  protease  which 
may  fit  these  data  would  be  the  neutral  calcium-depen- 
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FIG.  6.  0-Lapachone  induced  DNA  fragmentation.  MCF-7  cells 
were  treated  with  8  /xM  0-lap  for  4  h  and  harvested  20  h  later.  Cells 
were  analyzed  for  DNA  fragmentation  using  the  TUNEL  assay.  Cells 
which  have  significant  DNA  fragmentation  incorporate  FITC-dUTP 
and  are  shown  above  the  line  in  both  graphs.  Shown  are  represen¬ 
tative  examples  of  experiments  repeated  at  least  three  times. 


dent  protease  calpain  [9].  Calpain  has  a  wide  substrate 
specificity  and  has  been  shown  to  specifically  cleave 
p53  during  apoptosis  [42,  43].  We  treated  MCF-7  cells 
with  a  4-h  pulse  of  5  /xM  /3-lap  and  isolated  whole-cell 
extracts  at  various  times,  up  to  28  h  after  drug  expo¬ 
sure.  Extracts  were  probed  for  PARP  and  subsequently 
stripped  and  reprobed  for  p53  steady-state  expression 
(Fig.  7A).  As  expected,  PARP  cleavage  was  observed  by 
8  h  after  drug  administration.  Importantly,  cleavage  of 
p53,  giving  rise  to  an  ~40-kDa  fragment,  accompanied 
this  PARP  cleavage.  The  p53  cleavage  pattern  resem¬ 
bled  that  observed  by  Pariat  et  al.  [43]  and  Kubbutat  et 
al.  [42],  which  was  the  result  of  calpain  activation. 

Since  calpain  activity  is  dependent  upon  changes  in 
Ca+Z  homeostasis,  we  utilized  the  calcium  chelators 
EDTA  and  EGTA  to  determine  if  removal  of  extracel¬ 
lular  calcium  influenced  the  appearance  of  atypical 
PARP  cleavage  in  MCF-7  cells  after  /3-lap  treatment. 
MCF-7  cells  were  pretreated  with  0.25,  1.0,  or  3.0  mM 
EGTA  or  EDTA  in  complete  medium  for  30  min.  After 
treatment,  medium  containing  5  /xM  /3-lap  or  DMSO 
(control  medium) ,  including  the  corresponding  concen¬ 
tration  of  EDTA  or  EGTA  used  in  the  pretreatment, 
was  added  for  an  additional  4  h.  All  cells  were  then 
treated  with  medium  alone  containing  EGTA  or  EDTA 
for  an  additional  20  h.  Whole-cell  extracts  were  then 
prepared  and  analyzed  for  PARP  and  p53  cleavage 
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FIG.  7.  Implication  of  calpain  in  atypical  PARP  cleavage.  (A) 
MCF-7  cells  were  treated  with  5  /xM  /3-lap  for  4  h  and  whole-cell 
extracts  were  prepared  20  h  later.  Western  blots  were  probed  with 
anti-PARP  antibody,  then  stripped  and  reprobed  with  anti-p53  an¬ 
tibody.  (B)  MCF-7  cells  were  pretreated  for  30  min  with  the  desig¬ 
nated  concentrations  of  EDTA  or  EGTA  in  complete  medium.  Me¬ 
dium  containing  5  /xM  /3-lap  was  then  added  for  4  h  in  the  continued 
presence  of  EDTA  or  EGTA.  After  /3-lap  exposure  cells  were  treated 
with  medium  containing  only  the  designated  concentrations  of  EDTA 
or  EGTA  for  an  additional  20  h.  Whole-cell  extracts  were  prepared 
and  probed  for  PARP  as  described  above.  The  blots  shown  are  rep¬ 
resentative  of  at  least  two  independent  experiments. 


fragments.  Both  EDTA  and  EGTA  showed  a  dose-de- 
pendent  inhibition  of  /3-lap-mediated  atypical  PARP 
cleavage  and  p53  cleavage  in  MCF-7  cells  (Fig.  7B  and 
data  not  shown).  These  data  suggest  that  extracellular 
calcium  is  a  necessary  component  for  ^-lap-mediated 
atypical  PARP  and  p53  cleavage,  an  attribute  consis¬ 
tent  with  activation  of  a  calcium-dependent,  non- 
caspase  cysteine  protease,  such  as  calpain. 

Loss  of  hypophosphorylated  pRb  and  apoptosis  in¬ 
duced  by  13-lap  is  independent  of  cell  cycle  status.  To 
investigate  the  effects  of  cell  cycle  position  on  /3-lap- 
induced  accumulation  of  hypophosphorylated  pRb  and 


apoptosis,  estrogen-dependent  MCF-7  cells  were  cul¬ 
tured  in  estrogen-free  medium  for  6  days  as  described 
under  Materials  and  Methods.  To  ensure  a  complete 
estrogen  block,  the  pure  anti-estrogen  ICI  182,780  (1 
nM)  [44,  45]  was  added  to  cells  growing  in  estrogen- 
free  medium  2  days  prior  to  the  beginning  of  each 
experiment.  Increases  in  G,  cells  (up  to  85%)  were 
noted,  as  described  [46].  Arrested  cells  were  compared 
to  MCF-7  cells  that  were  subsequently  restimulated  to 
enter  the  cell  cycle  by  addition  of  10  nM  E2  at  the  time 
of  /3-lap  or  TPT  exposure  (i.e. ,  a  4-h  pulse  of  either  8  p.M 
/3-lap  or  5  pM  TPT) .  Drugs  were  administered  as  short 
pulse  treatments  in  order  to  determine  if  the  rapid 
accumulation  of  hypophosphorylated  pRb  could  be  re¬ 
versed  after  removal  of  /3-lap  or  TPT.  When  used,  ICI 
or  E2  was  maintained  in  the  medium. 

MCF-7  cells  treated  with  /3-lap  showed  a  dramatic 
loss  of  phosphorylated  pRb  within  6  h  (compare  lanes  3 
and  4,  Fig.  8) ,  followed  by  general  loss  of  the  protein  by 
18  h  after  treatment  (see  lanes  10  and  13,  Fig.  8);  these 
data  are  consistent  with  earlier  findings  [24],  A  similar 
loss  of  phosphorylated  pRb  was  noted  in  MCF-7  cells 
after  5  pM  TPT;  however,  significant  accumulation  of 
hypophosphorylated  pRb  was  not  observed  until  12  h 
after  treatment  (not  shown) ,  and  complete  loss  was  not 
noted  until  more  than  18  h  posttreatment  (Fig.  8  and 
data  not  shown).  In  control  cells,  stimulation  of  ar¬ 
rested  cells  with  estradiol  led  to  an  increase  in  the 
relative  level  of  hyperphosphorylated  pRb  (by  6  to  18  h) 
compared  to  estrogen-deprived  and/or  ICI-treated  cells 
(compare  hypophosphorylated  retinoblastoma  protein 
(pRb)  to  hyperphosphorylated  retinoblastoma  protein 
(pRb-pp)  levels  in  lanes  6,  9,  and  12  to  lane  3,  Fig.  8). 
The  change  in  phosphorylation  status  of  pRb  was  ac¬ 
companied  by  a  dramatic  increase  in  the  proportion  of 
cells  in  S  phase  by  18  h  after  E2  stimulation  (43%  S 
phase  with  E2,  10%  S  phase  without  E2,  compare  lanes 
12  and  9,  Fig.  8).  In  both  the  E2-  and  the  ICI-treated 
groups,  /3-lap  exposure  led  to  a  complete  loss  of  hyper¬ 
phosphorylated  pRb  followed  by  an  overall  loss  of  all 
forms  of  pRb.  Since  estrogen-deprivation  can  cause  an 
arrest  in  the  cell  cycle  ~6  h  from  the  restriction  point 
in  MCF-7  cells  [47-49],  possibly  past  the  first  cyclin 
Dl-cdk2 -dependent  phosphorylation  of  pRb,  the  levels 
of  hyperphosphorylated  pRb  in  estrogen-deprived,  an¬ 
ti-estrogen-treated  MCF-7  cells  were  rather  high  (Fig. 
8).  In  MCF-7  cells  treated  with  either  /3-lap  or  TPT, 
PARP  cleavage  (atypical  for  /3-lap,  classic  for  TPT)  was 
not  apparent  until  1 2—18  h  after  treatment  (Fig.  8  for 
18  h,  and  data  not  shown).  Addition  of  E2,  or  mainte¬ 
nance  of  MCF-7  cells  in  estrogen-deprived  medium 
(including  ICI),  had  no  effect  on  the  appearance  of 
PARP  cleavage  (see  lanes  10  and  13,  Fig.  8). 

We  performed  a  similar  series  of  experiments  using 
nocodazole  to  arrest  cells  during  M  phase.  All  MCF-7 
groups  examined  showed  a  similar  pattern  of  PARP 
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FIG.  8.  Effect  of  /3-Iap  or  TPT  on  logarithmically  growing  or  anti-estrogen-arrested  MCF-7  cells.  MCF-7  cells  were  estrogen-deprived  for 
6  days  prior  to  seeding  in  estrogen-deprived  medium  containing  10  nM  ICI  182,780  to  ensure  complete  blockage  of  estrogen-stimulated 
growth.  Cells  were  then  treated  with  no  drug  (C),  5  /mM  /3-lap  (/3),  or  5  pM  TPT  (T),  in  estrogen-free  RPMI  media  supplemented  with  either 
100  nM  ICI  (I)  or  10  nM  E2  (E2).  Whole-cell  extracts  were  prepared  at  6  and  18  h  after  treatment  and  changes  in  cell  cycle  distribution  were 
monitored  by  flow  cytometry,  as  described  under  Materials  and  Methods.  For  Western  analyses,  immunoblots  were  first  probed  with  the 
C-2-10  anti-PARP  monoclonal  antibody,  then  stripped  and  reprobed  with  an  anti-pRb  monoclonal  antibody  which  detected  all  forms  of  pRb. 
For  controls,  log-phase  MCF-7  cells  were  grown  continuously  in  medium  containing  whole  serum  (WS)  or  in  medium  containing  estrogen- 
deprived  serum  (SS,  for  stripped  serum)  as  described  under  Materials  and  Methods.  Shown  are  three  separate  forms  of  the  pRb  protein:  (a) 
pRb-pp,  hyperphosphorylated  pRb;  (b)  pRb,  hypophosphorylated  (nonphosphorylated)  pRb;  and  (c)  the  cleaved  form  of  pRb,  in  which  4  kDa 
of  the  C-terminus  has  been  removed  (Cleaved  pRb).  PARP  protein  forms  included  (a)  the  full-length  PARP  polypeptide  of  113  kDa,  (b)  a 
caspase-mediated  89-kDa  PARP  fragment,  and  (c)  an  ~60-kDa  atypical  PARP  cleavage  polypeptide,  which  sometimes  appears  as  a  doublet 
at  ~60  kDa.  The  Western  blot  shown  is  representative  of  at  least  three  separate  experiments. 


cleavage  after  /3-lap  treatment  (data  not  shown),  sup¬ 
porting  a  cell-cycle-independent  activation  of  apopto¬ 
sis. 

We  [16],  as  well  as  others  [50],  showed  that  MCF-7 
cells  were  devoid  of  caspase-3,  due  to  a  deletion  in  exon 
3.  To  determine  whether  caspase-3  deficiency  was  re¬ 
sponsible  for  atypical  PARP  cleavage,  we  isolated  an 
MCF-7  clone  that  stably  expressed  full-length  proform 
caspase-3  (Casp  3)  (see  Materials  and  Methods).  A 
puromycin-resistant  clone  expressing  empty  vector 
(pBabe)  was  also  analyzed.  PARP,  lamin  B,  and 
caspase-3  expression  was  monitored  before  or  24  h 
after  /3-lap  treatment  (2-10  fx M).  Cells  were  treated  for 
4  h  with  2-10  ijM  /3-lap  and  harvested  20  h  later.  As 
expected,  Casp  3  cells  expressed  the  32-kDa  proform  of 
caspase-3,  unlike  MCF-7  cells  transfected  with  the  vec¬ 
tor  alone  (Fig.  9,  compare  lanes  1  and  7).  Atypical 
PARP  cleavage  was  noted  following  /3-lap  treatment  at 
similar  levels  in  both  transfected  cell  lines.  Classic 
lamin  B  cleavage,  presumably  the  result  of  caspase-6 
activation  [51,  52],  was  also  observed.  These  data  sug¬ 


gest  that  expression  of  caspase-3  had  no  effect  on  apo- 
ptotic  cleavage  events  in  MCF-7  cells  following  various 
doses  of  /3-lap.  Interestingly,  loss  of  procaspase-3  pro¬ 
tein,  in  Casp  3  cells,  mirrored  cleavage  of  both  PARP 
and  lamin  B.  Importantly,  the  active  pl2  and  p20  frag¬ 
ments  of  caspase-3  were  not  observed  due  to  the  lower 
affinity  of  this  antibody  to  the  processed  forms  of 
caspase-3.  In  contrast  to  /3-lap  treatments,  Casp  3  cells 
showed  an  increased  rate  of  apoptosis  after  exposure  to 
TNF-a  or  granzyme  B  compared  to  MCF-7  cells  trans¬ 
fected  with  pBabe/puro  alone  [16]. 

DISCUSSION 

We  previously  showed  that  /3-lap  killed  a  variety  of 
cells  by  apoptosis.  However,  the  mechanisms  of  specific 
proteolytic  execution  cascades  that  were  activated  by 
this  compound  remained  unexplored.  /3-Lap  induced 
apoptosis  independent  of  p53  status  and  cell  cycle  dis¬ 
tribution  [18,  24].  In  MCF-7  cells,  the  lethal  effects  of 
/3-lap  were  accounted  for  solely  by  apoptosis.  In  this 
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FIG.  9.  Effect  of  caspase-3  expression  on  p-lap  mediated  prote¬ 
olysis.  Caspase-3-negative  MCF-7  cells  were  infected  with  a  retrovi¬ 
ral  construct  expressing  full-length  procaspase-3  (Casp  3)  or  vector 
alone  (pbabe).  Caspase  3  (full  length  is  32  kDa)  expression  is  shown 
at  the  bottom.  Cells  were  then  treated  with  the  designated  concen¬ 
trations  of  /3-lap  for  4  h,  fresh  medium  was  added,  and  whole-cell 
extracts  were  prepared  20  h  later.  Western  immunoblots  were  then 
probed  with  the  C-2-10  anti-PARP  antibody,  stripped,  and  reprobed 
with  lamin  B  and  later  with  caspase-3  antibodies.  The  Western  blot 
shown  is  representative  of  at  least  three  separate  experiments. 


study,  we  expanded  our  investigations  to  include  the 
T47D  cell  line  which  has  significant  phenotypic  and 
genotypic  differences  (Table  1).  Using  these  cell  lines 
(and  others  not  shown  here),  we  demonstrated  that 
/3-lap-mediated  apoptosis  did  not  require  active  ER  and 
we  confirmed  that  cell  death  was  not  dependent  on 
wild-type  p53  or  cell-cycle  status. 

Our  previous  studies  could  not  discern  a  cell  cycle 
phase-specific  apoptotic  mechanism  following  /3-lap  ex¬ 
posure.  In  these  studies,  we  utilized  the  estrogen-de¬ 
pendent  Gx  arrest  characteristics  of  MCF-7  and  T47D 
cells  (—80%  growth  inhibition  in  E2-deprived,  com¬ 
pared  to  log-phase  cells)  to  show  that  both  cell  lines 
were  equally  sensitive  to  /3-lap  or  TPT,  irrespective  of 
their  progression  through  the  cell  cycle  (Fig.  2).  When 
arrested  cells  were  treated  with  either  /3-lap  or  TPT, 
the  relative  cytotoxicity  was  identical  to  that  of  log- 
phase  cells.  This  result  is  in  apparent  conflict  with  the 
current  paradigm  for  the  mechanism  of  action  of  Topo 
I  poisons,  which  suggested  that  the  primary  lethal 
event  was  the  creation  of  DNA  double-strand  breaks 
following  movement  of  the  replication  fork  through  the 
“cleavable  complex.”  This  mechanism  has  been  used  to 
describe  the  S-phase-specific  killing  of  cancer  cells  by 


TPT.  Morris  and  Geller  [53]  also  showed  that  CPT 
could  induce  apoptosis  in  postmitotic  rat  cortical  neu¬ 
rons.  Our  data  indicate  that  DNA  synthesis  may  not  be 
required  for  lethality  or  the  stimulation  of  apoptosis  in 
Gi -arrested  breast  cancer  cells  by  /3-lap  or  TPT.  These 
data  suggest  that  DNA-Topo  I  lesions  caused  by  treat¬ 
ment  may  activate  a  nuclear  signal  (possibly  originat¬ 
ing  from  inhibited  transcription)  that  triggers  pRb  de¬ 
phosphorylation  (see  below)  and  downstream  apoptotic 
reactions.  Taken  together,  these  results  demonstrate 
that  while  actively  growing  cells  may  be  killed  more 
efficiently  in  some  systems,  arrested  cells  may  also  be 
sensitive  to  the  toxic  (i.e.,  apoptotic)  effects  of  Topo  I 
poisons.  In  comparison  with  /3-lap,  TPT  was  a  less 
effective  inducer  of  apoptosis,  stimulating  apoptotic 
reactions  only  at  concentrations  20-  to  100-fold  over  its 
IC50.  /3-Lap  killed  cells  by  apoptosis  at  concentrations 
near  its  IC50,  as  previously  reported  [24]. 

Using  two  methods  of  cell  cycle  arrest,  estrogen  de¬ 
privation  (Figs.  2  and  9)  and  nocodazole  administration 
(data  not  shown),  we  demonstrated  that  /3-lap  kills 
MCF-7  cells  equally  in  all  phases  of  the  cell  cycle.  This 
would  suggest  that  Topo  Ila  does  not  play  a  central  role 
in  /3-lap  toxicity.  Unlike  Topo  I,  the  expression  of  Topo 
Ila  is  clearly  cell  cycle  dependent  ([26]  and  data  not 
shown),  and  stages  of  the  cell  cycle  in  which  Topo  Ila 
was  not  expressed  (i.e.,  G0/Gi)  would  be  expected  to  be 
protected  from  /3-lap  toxicity,  if  Topo  Ila  was  a  critical 
target.  Conversely,  stages  of  the  cell  cycle  with  highest 
Topo  Ila  expression  (i.e.,  GZM)  would  be  expected  to  be 
more  sensitive  to  /3-lap.  It  is  important  to  note  that  the 
/3-lap/Topo  Ila-mediated  cleavage  has  been  observed 
using  only  in  vitro  assays,  and  /3-lap/Topo  Ila-mediated 
DNA  breaks  have  not  been  demonstrated  in  intact 
cells.  Importantly,  downstream  consequences  of  DNA 
damage,  such  as  p53  induction,  have  not  been  observed 
after  /3-lap  treatment  [24].  These  data  are  in  apparent 
conflict  with  the  suggested  role  of  Topo  Ila  in  /3-lap- 
mediated  toxicity  as  proposed  by  Frydman  et  al.  [25]. 

fi-Lap  induces  a  novel  apoptotic  protease.  Exposure 
to  /3-lap  gave  rise  to  a  unique  pattern  of  proteolysis.  At 
lower  doses,  /3-lap  treatment  caused  classic  PARP  cleav¬ 
age.  At  higher  doses,  an  ~60-kDa  atypical  PARP  frag¬ 
ment  was  observed.  The  dose  range  over  which  this  novel 
fragment  appeared  was  quite  sharp  and  correlated  well 
with  the  notably  sharp  growth  inhibition  responses  noted 
in  Figs.  1  and  2  and  previously  described  cytotoxicity  [24]. 
Atypical  PARP  fragmentation  was  not  simply  the  result 
of  supralethal  drug  exposure,  since  cells  treated  with 
TPT  at  doses  200-fold  greater  than  the  IC50  of  the  drug 
did  not  show  the  same  atypical  cleavage  pattern.  Doses  of 
/3-lap  necessary  to  induce  atypical  PARP  cleavage  were 
generally  less  than  5-fold  over  the  IC50  for  /3-lap,  depend¬ 
ing  upon  the  cell  line  examined  and  the  method  of  treat¬ 
ment  (i.e.,  continuous  exposure  or  4-h  pulse).  The  lack  of 
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observable  atypical  PARP  cleavage  at  the  IC50  dose  was 
likely  due  to  a  relatively  modest,  but  constant,  loss  of  cells 
through  apoptosis  that  does  not  result  in  the  accumula¬ 
tion  of  enough  cells  containing  cleaved  PARP  to  be  ob¬ 
served  in  Western  analyses. 

Previous  reports  have  shown  cleavage  of  PARP  during 
necrosis,  giving  rise  to  a  50-kDa  fragment  [54].  However, 
the  atypical  PARP  fragment  observed  in  /3-lap  treated 
cells  was  —60  kDa  (Fig.  4).  The  demonstration  of  nuclear 
condensation,  appearance  of  sub-Go/G,  cells  [24],  >90% 
TUNEL-positive  cells  (Fig.  6) ,  and  inhibition  of  apoptosis 
by  EDTA  and  EGTA  (Fig.  7B)  leave  little  doubt  that  this 
response  was  apoptotic.  Interestingly,  in  /3-lap-treated 
cells,  we  have  noted  some  unique  characteristics  that  do 
not  fit  the  “classic”  definition  of  apoptosis.  Further  study 
of  the  action  of  this  novel  apoptosis-inducing  agent  may 
allow  for  elucidation  of  cell  death  processes  which  contain 
characteristics  of  apoptotic  as  well  as  necrotic  proteolytic 
cascades.  This  agent  may  induce  a  heretofore  uncharac¬ 
terized  apoptotic  pathway  that  may  be  exploited  for  im¬ 
proved  treatment  of  breast  cancer.  For  example,  this 
agent  may  be  useful  for  treatment  of  breast  cancer  which 
has  lost  classic  caspase-mediated  apoptotic  responses. 

Atypical  PARP  cleavage  observed  in  MCF-7  cells  was 
not  likely  the  result  of  caspase,  granzyme  B,  cathepsins  B 
or  L,  trypsin,  or  chymotrypsin-like  proteases  (see  Fig.  5) 
[38],  However,  the  classic  cleavage  pattern  observed  in 
T47D  cells  after  low-level  /3-lap  exposures  was  prevented 
by  25  p,M  zVAD-fmk,  a  general  caspase  inhibitor.  Classic 
PARP  cleavage  induced  by  low-dose  /3-lap  exposure  was 
unaffected  by  other  protease  inhibitors,  suggesting  that  a 
different  member  of  the  caspase  family  was  responsible 
for  apoptotic  proteolysis  in  T47D  cells.  At  higher  doses  of 
/3-lap,  T47D  cells  responded  like  MCF-7  cells,  undergoing 
apoptosis  and  atypical  PARP  cleavage.  Lack  of  inhibition 
of  atypical  PARP  cleavage  by  zVAD-fmk  in  MCF-7  cells 
treated  with  /3-lap  strongly  suggests  that  activation  of  the 
caspase  pathway  was  not  necessary  for  atypical  PARP 
cleavage. 

In  /3-lap-treated  MCF-7  cells,  atypical  PARP  fragmen¬ 
tation  was  blocked  by  iodoacetamide  or  Af-ethylmaleim- 
ide,  both  cysteine-alkylating  agents  (data  not  shown). 
Additionally,  atypical  PARP  cleavage  was  not  inhibited 
by  a  battery  of  inhibitors  (Fig.  5) ,  each  used  at  previously 
determined  effective  doses.  These  data  suggest  that  atyp¬ 
ical  fragmentation  of  PARP  in  vivo  was  due  to  the  acti¬ 
vation  of  a  cysteine  protease  which  is  apparently  not  a 
member  of  the  caspase  family  of  proteases.  However,  the 
nonspecific  reactivity  of  iodoacetamide  and  Af-ethylmale- 
imide  does  allow  the  possibility  that  the  unknown  pro¬ 
tease  may  be  indirectly  activated  after  /3-lap  treatment 
by  a  factor  which  contains  critical  -SH  groups.  One  pro¬ 
tease  which  fits  the  available  data  could  be  the  neutral 
calcium-dependent  protease  calpain.  This  possibility  is 
further  supported  by  the  fact  that  p53  was  cleaved  in 
/3-lap-treated  MCF-7  cells,  giving  rise  to  fragments  (Fig. 


7A)  which  match  those  previously  described  as  being  the 
result  of  calpain  activity  [42,  43].  Furthermore,  the  time 
course  of  p53  cleavage  was  concomitant  with  the  appear¬ 
ance  of  atypically  cleaved  PARP.  Additionally,  we  provide 
evidence  showing  that  the  cysteine  protease  is  Ca+2  de¬ 
pendent,  since  its  activity  (as  measured  by  atypical  PARP 
or  p53  cleavage)  was  prevented  by  coadministration  of 
EDTA  or  EGTA  (Fig.  8B  and  data  not  shown).  While 
these  findings  do  not  conclusively  prove  that  calpain  is 
responsible  for  this  cleavage,  they  are  suggestive.  Our 
laboratory  is  currently  in  the  process  of  definitively  iden¬ 
tifying  the  protease  responsible  for  this  cleavage  of 
PARP.  The  use  of  caspase-3-expressing  MCF-7  cells  dem¬ 
onstrated  that  reexpression  of  caspase-3  did  not  lead  to 
enhanced  apoptosis  or  appearance  of  the  caspase-medi¬ 
ated  89-kDa  PARP  fragmentation  after  /3-lap  exposure. 
In  contrast,  other  studies  have  demonstrated  enhanced 
apoptotic  reactions  in  caspase-3-expressing  MCF-7  cells 
after  granzyme  B  or  TNF-a  treatments,  compared  to  cells 
infected  with  the  empty  vector  [16]. 

While  /3-lap  treatment  of  MCF-7  cells  appeared  to  ac¬ 
tivate  a  novel  apoptotic  pathway,  classic  lamin  B  cleav¬ 
age  (primarily  due  to  the  activation  of  caspase-6)  was  also 
observed  ([24,  51]  and  Fig.  9).  While  caspase-6  is  thought 
to  be  activated  directly  by  caspase-3  [55,  56],  our  data 
suggest  that  either  a  distinct  upstream  protease  can  ac¬ 
tivate  caspase-6  after  /3-lap  treatment  or  an  unknown, 
/3-lap-activated  protease  can  directly  cleave  lamin  B,  giv¬ 
ing  rise  to  fragments  of  size  similar  to  those  observed 
after  caspase-6  cleavage.  Our  data  suggest  that  once  the 
apoptotic  protease  is  activated,  it  dominates  proteolysis 
in  /3-lap-treated  MCF-7  cells,  since  visible  classic  PARP 
cleavage  fragments  were  not  observed.  Interestingly, 
overexpression  of  caspase-3  in  MCF-7  cells  did  not  affect 
/3-lap  cytotoxicity,  while  increasing  sensitivity  to  gran¬ 
zyme  B  or  TNF-a  [16]. 

Our  studies  demonstrate  that  /3-lap  can  induce  at 
least  two  independent  apoptotic  pathways  in  breast 
cancer  cells.  The  apoptotic  response  seems  to  be  inde¬ 
pendent  of  the  in  vitro  observed  /3-lap/Topo  Ila-medi- 
ated  DNA  cleavage  [25],  since  Grarrested  cells  (which 
contain  very  low  Topo  Ila  enzyme  activity)  were  as 
effectively  killed  by  /3-lap  as  log-phase  or  G2/M-ar- 
rested  cells  (which  express  high  levels  of  Topo  Ila 
enzyme  activity).  Furthermore,  the  in  vivo  pathway 
activated  by  /8-lap  leading  to  apoptosis  may  also  be 
independent  of  the  Topo  I  inhibition  observed  in  vitro. 
In  some  cells,  /3-lap  mediates  typical  caspase  activa¬ 
tion,  leading  to  the  formation  of  the  classic  89  kDa 
PARP  cleavage  fragment  in  vivo  [57].  In  other  cells 
(specifically,  MCF-7),  /3-lap  activates  a  calcium-depen¬ 
dent,  noncaspase  cysteine  protease.  Interestingly,  ac¬ 
tivation  of  this  pathway  of  apoptosis  (which  may  also 
result  in  midprotein  cleavage  of  pRb)  eventually  oc¬ 
curred  in  MCF-7  and  T47D  breast  cancer  cells.  An 
interesting  profile  of  sensitivity  of  breast  cancer  cells  to 
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/3~lap  was  observed.  Sensitivity  to  this  agent  was  very 
different  from  the  cytotoxic  responses  observed  follow¬ 
ing  TPT  treatment.  In  MCF-7  cells,  the  primary  pro¬ 
teolytic  events,  which  correlate  directly  with  apoptosis 
induction  and  loss  of  survival,  appear  to  be  the  result  of 
this  novel  calcium-dependent  noncaspase  protease.  Ac¬ 
tivation  of  this  protease  was  not  affected  by  inhibitors 
of  a  variety  of  proteases,  most  importantly  the  caspase 
inhibitors  zVAD-fmk  and  DEVD-fmk.  We  hypothesize 
that  this  calcium-dependent,  noncaspase  cysteine  pro¬ 
tease  is  calpain.  When  this  protease  is  activated,  its 
novel  apoptotic  pathway  may  be  a  specific  target  for 
manipulation  in  the  clinical  treatment  of  breast  cancer. 
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0-Lapachone  activates  a  novel  apoptotic  response  in  a 
number  of  cell  lines.  We  demonstrate  that  the  enzyme 
NAD(P)H:quinone  oxidoreductase  (NQOl)  substantially 
enhances  the  toxicity  of  /3-lapachone.  NQOl  expression 
directly  correlated  with  sensitivity  to  a  4-h  pulse  of  0-la- 
pachone  in  a  panel  of  breast  cancer  cell  lines,  and  the 
NQOl  inhibitor,  dicoumarol,  significantly  protected 
NQOl-expressing  cells  from  all  aspects  of  0-lapachone 
toxicity.  Stable  transfection  of  the  NQO  1-deficient  cell 
line,  MDA-MB-468,  with  an  NQOl  expression  plasmid 
increased  apoptotic  responses  and  lethality  after  0-la- 
pachone  exposure.  Dicoumarol  blocked  both  the  apop¬ 
totic  responses  and  lethality.  Biochemical  studies  sug¬ 
gest  that  reduction  of  /3-lapachone  by  NQOl  leads  to  a 
futile  cycling  between  the  quinone  and  hydroquinone 
forms,  with  a  concomitant  loss  of  reduced  NAD(P)H.  In 
addition,  the  activation  of  a  cysteine  protease,  which 
has  characteristics  consistent  with  the  neutral  calcium- 
dependent  protease,  calpain,  is  observed  after  /3-lapa¬ 
chone  treatment.  This  is  the  first  definitive  elucidation 
of  an  intracellular  target  for  /3-lapachone  in  tumor  cells. 
NQOl  could  be  exploited  for  gene  therapy,  radiother¬ 
apy,  and/or  chemopreventive  interventions,  since  the 
enzyme  is  elevated  in  a  number  of  tumor  types  (£.e. 
breast  and  lung)  and  during  neoplastic  transformation. 


/3-lap,1  a  novel  1,2-naphthoquinone,  is  a  potent  cytotoxic 
agent  that  demonstrates  activity  against  various  cancer  cell 
lines  (1-3).  At  lower  doses,  it  is  a  radiosensitizer  of  a  number  of 
human  cancer  cell  lines  (4).  We  previously  demonstrated  that 
the  primary  mode  of  /3-lap  cytotoxicity  is  through  the  induction 
of  apoptosis  (1,  2).  However,  the  clinical  efficacy  of  this  drug 
remains  to  be  explored,  and  such  studies  await  elucidation  of 
its  mechanism  of  action. 

While  a  number  of  in  vitro  effects  of  0-lap  have  been  de¬ 
scribed,  the  key  intracellular  target  of  0-lap  remains  unknown. 
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1  The  abbreviations  used  are:  0-lap,  0-lapachone  (3,4-dihydro-2,2- 
dimethyl-2H-naphtho[l,2-fc]pyran-5,6-dione);  xip-3,  x-ray-inducible 
transcript-3;  NQOl,  NAD(P)H:quinone  oxidoreductase,  DT-diaphorase, 
xip-3  (EC  1.6.99.2);  PARP,  poly(ADP)-ribose  polymerase;  MMC,  mito¬ 
mycin  C;  TUNEL,  terminal  deoxynucleotidyl  transferase-mediated 
dUTP  nick  end  labeling. 


0-lap  has  many  diverse  effects  in  vitro ,  including  (a)  inhibition 
of  DNA  polymerase  a  (5),  (6)  enhanced  lipid  peroxidation  and 
free  radical  accumulation  (6),  (c)  inhibition  of  DNA  replication 
and  thymidylate  synthase  activity  (7),  ( d )  inhibition  of  DNA 
repair  (4,  8),  (e)  inhibition  or  activation  of  DNA  topoisomerase 
I  (1,  3),  if)  oxidation  of  dihydrolipoamide  (9),  (g)  induction  of 
topoisomerase  Ila-mediated  DNA  breaks  (10),  ( h )  inhibition  of 
poly(ADP-ribose)  polymerase  (11),  and  ( i )  inhibition  of  NF-kB 
activity  (12).  While  these  effects  could  be  hypothetically  linked 
to  the  cytotoxicity  caused  by  0-lap  administration,  most  have 
not  been  demonstrated  in  vivo ,  and  none  have  led  to  elucidation 
of  the  drug’s  intracellular  target. 

Structural  similarities  between  0-lap  and  other  members  of 
the  naphthoquinone  family,  such  as  menadione  (vitamin  K3; 
2-methyl-l,4  naphthoquinone),  suggested  that  the  enzyme,  DT- 
diaphorase,  quinone  oxidoreductase,  EC  1.6.99.2  (NQOl),  may 
be  involved  in  the  activation  or  detoxification  of  0-lap  (13-17). 
The  x-ray-inducible  nature  of  NQOl  ( i.e .  it  was  cloned  by  our 
laboratory  as  x-ray  inducible  transcript-3  (xip-3))  was  also  con¬ 
sistent  with  this  compound’s  ability  to  sensitize  irradiated  cells 
(18). 

NQOl  is  a  ubiquitous  flavoprotein  found  in  most  eukaryotes. 
The  human  NQOl  gene  encodes  a  30-kDa  protein  that  is  ex¬ 
pressed  in  most  tissues  but  does  show  variable  tissue-depend¬ 
ent  expression.  NQOl  is  abundant  in  the  liver  of  most  mam¬ 
mals,  except  humans,  where  it  is  less  abundant  than  in  most 
other  tissues  (16,  19,  20).  NQOl  knock-out  mice  show  no  de¬ 
tectable  phenotype  other  than  an  enhanced  sensitivity  to  men¬ 
adione,  suggesting  that  the  principal  function  of  NQOl  is  the 
detoxification  of  quinone  xenobiotics  (21).  Importantly,  NQOl 
is  over  expressed  in  a  number  of  tumors,  including  breast,  co¬ 
lon,  and  lung  cancers,  compared  with  surrounding  normal  tis¬ 
sue  (22-25).  This  observation,  more  than  any  other,  suggests 
that  drugs  that  are  activated  by  NQOl  (e.g.  MMC,  streptoni- 
grin,  and  E09;  see  below)  should  show  significant  tumor-spe¬ 
cific  activity. 

NQOl  catalyzes  a  two-electron  reduction  of  various  quinones 
(e.g.  menadione),  utilizing  either  NADH  or  NADPH  as  electron 
donors.  Unlike  most  other  cellular  reductases,  NQOl  reduces 
quinones  directly  to  the  hydroquinone,  bypassing  the  unstable 
and  highly  reactive  semiquinone  intermediate.  Semiquinones 
are  excellent  free  radical  generators,  initiating  a  redox  cycle 
that  results  in  the  generation  of  superoxide.  Superoxide  can 
dismutate  to  hydrogen  peroxide,  and  hydroxyl  radicals  can 
then  be  formed  by  the  iron-catalyzed  reduction  of  peroxide  via 
the  Fenton  reaction  (26).  All  of  these  highly  reactive  species 
may  directly  react  with  DNA  or  other  cellular  macromolecules, 
such  as  lipids  and  proteins,  causing  damage.  NQOl-mediated 
production  of  the  hydroquinone,  which  can  be  readily  conju¬ 
gated  and  excreted  from  the  cell,  constitutes  a  protective  mech- 
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anism  against  these  types  of  damage  (27).  It  is  thought  that  the 
reducing  activity  of  NQOl  protects  cells  from  the  toxicity  of 
naturally  occurring  xenobiotics  containing  quinone  moieties 
(14). 

In  addition  to  its  protective  effects,  NQOl  can  also  reduce 
certain  quinones  to  more  reactive  forms.  The  most  well  de¬ 
scribed  of  these  compounds  is  MMC.  It  is  through  a  two-elec¬ 
tron  reduction  by  NQOl  or  through  two  separate  one  electron 
reductions  by  other  reductases  (such  as  NADH: cytochrome  fe5 
reductase  and  NADPH:cytochrome  P-450  reductase)  that  the 
alkylating  activity  of  MMC  is  revealed  (28-30).  A  correlation 
was  observed  between  MMC  sensitivity  and  NQOl  activity  in  a 
study  using  69  cell  lines  from  the  NCI,  National  Institutes  of 
Health,  human  tumor  cell  panel.  These  data  suggested  that 
NQOl  was  a  critical  activator  of  MMC  and  probably  other 
quinone-containing  antitumor  agents  (31).  Similarly,  strepton- 
igrin  and  E09  can  be  activated  by  NQOl-catalyzed  reduction 
(32). 

Dicoumarol  (3-3'-methylene-bis(4-hydroxycoumarin))  is  a 
commonly  used  inhibitor  of  NQOl,  which  competes  with  NADH 
or  NADPH  for  binding  to  the  oxidized  form  of  NQOl.  Dicou¬ 
marol  thereby  prevents  reduction  of  various  target  quinones 
(33,  34).  Co-administration  of  dicoumarol  significantly  en¬ 
hances  the  toxicity  of  a  number  of  quinones,  including  mena¬ 
dione,  presumably  by  increasing  oxidative  stress  in  the  cell 
(35-37). 

We  demonstrate  that  NQOl  is  an  important  activating  en¬ 
zyme  for  /3-lap  in  breast  cancer  cells.  /3-lap  cytotoxicity  was 
significantly  enhanced  in  breast  cancer  cells  expressing  NQOl. 
Conversely,  cells  that  lacked  this  enzyme  were  more  resistant 
to  a  short  term  exposure  to  the  drug.  Co-administration  of 
dicoumarol  protected  NQO  1-expressing  cells  from  all  down¬ 
stream  apoptotic  responses  and  greatly  enhanced  survival.  Sta¬ 
ble  transfection  of  NQO  1-deficient,  MDA-MB-468  cells,  ho¬ 
mozygous  for  a  proline  to  serine  substitution  at  amino  acid  187, 
which  leads  to  the  synthesis  of  unstable  protein  (38),  with 
human  NQOl  cDNA  sensitized  these  otherwise  resistant  cells 
and  re-established  apoptotic  responses.  As  seen  in  other  cells 
expressing  endogenous  NQOl,  cytotoxicity  was  significantly 
inhibited  by  dicoumarol.  Our  data  establish  that  NQOl  activity 
is  an  important  determinant  of  /3-lap  cytotoxicity  in  breast 
cancer  cells.  A  novel  downstream  apoptotic  pathway  induced  by 
/3-lapachone  is  also  discussed. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture — MCF-7:WS8  and  T47DA18  cells  were  obtained  from 
V.  Craig  Jordan  (Northwestern  University,  Chicago,  IL).  MDA-MB-468 
cells  were  obtained  from  the  American  Type  Culture  Collection.  All 
tissue  culture  components  were  purchased  from  Life  Technologies,  Inc. 
unless  otherwise  stated.  Cells  were  grown  in  RPMI 1640  supplemented 
with  10%  calf  serum,  2  mM  L-glutamine,  100  units/ml  penicillin,  and  100 
mg/ml  streptomycin.  Cells  were  routinely  passed  at  1:5-1:20  dilutions 
once  per  week  using  0.1%  trypsin.  All  cells  were  grown  in  a  37  °C 
humidified  incubator  with  5%  C02,  95%  air  atmosphere.  Tests  for 
mycoplasma,  using  the  Gen-Probe™  Rapid  Detection  Kit  (Fisher),  were 
performed  quarterly,  and  all  cell  lines  were  found  to  be  negative. 

Stable  Transfection — Cells  were  seeded  into  six-well  dishes  at  2  X 
105  cells/well  and  allowed  to  attach  overnight.  The  following  day,  1.0  pg 
of  BE8  plasmid  DNA  containing  the  human  NQOl  cDNA  in  the 
pCDNA3  constitutive  expression  vector  (39)  was  transfected  into  each 
of  three  wells  using  standard  calcium  phosphate  methodology  (40). 
After  2  days,  cells  were  selected  for  growth  in  350  /mg/ ml  Geneticin® 
(G418,  Life  Technologies,  Inc.).  A  stable,  pooled  population  was  estab¬ 
lished  after  approximately  3  weeks,  and  subsequently  clones  were  iso¬ 
lated  by  limiting  dilution  cloning,  as  described  (41). 

Cell  Growth  Assays — Cells  were  seeded  into  each  well  of  a  96-well 
plate  (1500  cells/well)  in  0.2  ml  of  media  on  day  0.  The  following  day 
(day  1),  media  were  removed,  and  0.2  ml  of  medium  containing  the 
appropriate  compound(s)  was  added  for  4  h.  Drugs  were  then  removed, 
control  growth  medium  was  added,  and  cells  were  allowed  to  grow  for 
an  additional  7  days.  Stock  solutions  of  /3-lap  (a  generous  gift  from 


William  Bommann,  Sloan-Kettering  Cancer  Center,  New  York,  NY) 
and  menadione  (Sigma)  were  dissolved  in  MezSO  and  stored  at  —80  °C. 
Drugs  were  added  to  medium  at  a  1:1000  dilution  immediately  before 
administration  to  cells.  Dicoumarol  (Sigma)  was  suspended  in  water 
and  solubilized  using  a  minimal  amount  of  NaOH.  Dicoumarol  was 
added  at  a  1:100  dilution  to  the  appropriate  medium.  DNA  content  (a 
measure  of  cell  growth)  was  determined  by  fluorescence  of  the  DNA  dye 
Hoescht  33258  (Sigma),  using  an  adaptation  of  the  method  of  Labarca 
and  Paigen  (42),  and  read  in  a  Cytofluor  fluorescence  plate  reader.  Data 
were  expressed  as  relative  growth,  T/C  (treated/control)  from  three  or 
more  wells  per  treatment.  Each  experiment  was  repeated  at  least  three 
times,  and  data  were  expressed  as  mean  ±  S.E.  Comparisons  were 
performed  using  a  two-tailed  Student’s  t  test  for  paired  samples. 

Colony-forming  Assays — LD50  survival  determinations  were  calcu¬ 
lated  by  clonogenic  assays  (4).  Briefly,  cells  were  seeded  at  various 
densities  on  35-cm2  tissue  culture  dishes  and  allowed  48  h  to  attach  and 
initiate  log  phase  growth.  Drugs  were  added  for  4  h  at  various  concen¬ 
trations  and  removed,  as  described  above.  Colonies  from  control  or 
treated  conditions  were  allowed  to  grow  for  10  days.  Colonies  with  50  or 
more  normal  appearing  cells  were  counted,  and  data  were  graphed  as 
mean  ±  S.E.  Shown  is  a  compilation  of  two  independent  experiments. 
Comparisons  were  performed  using  a  two-tailed  Student’s  t  test  for 
paired  samples. 

Western  Blot  Analyses— Whole  cell  extracts  were  prepared  by  direct 
lysis  of  scraped,  PBS-washed  cells  (both  floating  and  attached  cells  were 
pooled)  in  buffer  composed  of  6  M  urea,  2%  SDS,  10%  glycerol,  62.5  mM 
Tris-HCl,  pH  6.8,  5%  /3-mercaptoethanol,  and  5  /xg/ml  bromphenol  blue 
followed  by  sonication.  Equal  amounts  of  protein  were  heated  at  65  °C 
for  10  min  and  loaded  into  each  lane  of  a  10%  polyacrylamide  gel  with 
a  5%  stacking  gel.  Following  electrophoresis,  proteins  were  transferred 
to  Immobilon-P  (Millipore  Corp.,  Bedford,  MA)  using  Multiphor  II  semi¬ 
dry  electroblotting  (Amersham  Pharmacia  Biotech)  according  to  the 
manufacturer’s  directions.  Loading  equivalence  and  transfer  efficiency 
were  monitored  by  Ponceau  S  staining  of  the  membrane.  Standard 
Western  blotting  techniques  were  used,  and  the  proteins  of  interest 
were  visualized  by  incubation  with  Super  Signal  (Pierce)  at  20  °C  for  5 
min.  Membranes  were  then  exposed  to  x-ray  film  for  an  appropriate 
time  and  developed.  The  C-2-10  anti-PAKP  antibody  was  purchased 
from  Enzyme  Systems  Products  (Dublin,  CA).  The  anti-p53  antibody 
(DO-1)  was  purchased  from  Santa  Cruz  Biotechnology,  Inc.  (Santa 
Cruz,  CA).  NQOl  antibody  was  contained  in  medium  from  a  mouse 
hybrid oma  clone  A180  (43)  and  was  used  at  a  1:4  dilution  in  10%  serum, 
lx  PBS,  0.2%  Tween  20  for  Western  blot  analysis. 

Preparation  of  S9  Supernatants — Cellular  extracts  for  enzyme  as¬ 
says  were  prepared  from  cells  in  mid-log  to  late  log  phase  growth.  Cells 
were  harvested  by  trypsinization  (0.25%  trypsin  and  1  mM  EDTA), 
washed  twice  in  ice-cold,  phenol  red-free  Hank’s  balanced  salt  solution, 
and  then  resuspended  in  a  small  volume  of  PBS,  pH  7.2,  containing  10 
pgfpX  aprotinin.  The  cell  suspensions  were  sonicated  on  ice  four  times, 
using  10-s  pulses,  and  then  centrifuged  at  14,000  X  g  for  20  min.  The  S9 
supernatants  were  aliquoted  into  microcentrifuge  tubes  and  stored  at 
-80  °C  until  used. 

Enzyme  Assays — Three  enzymes  were  assayed  as  described  by 
Fitzsimmons  et  al.  (31)  and  Gustafson  et  al  (39).  Reaction  medium 
contained  77  pU  cytochrome  c  (practical  grade;  Sigma)  and  0.14%  bo¬ 
vine  serum  albumin  in  Tris-HCl  buffer  (50  mM,  pH  7.5).  NQOl  activity 
was  measured  using  NADH  (200  pM)  as  the  immediate  electron  donor 
and  menadione  (10  pu)  as  the  intermediate  electron  acceptor.  Each 
assay  was  repeated  in  the  presence  of  10  pu  dicoumarol,  and  activity 
attributed  to  NQOl  was  that  inhibited  by  dicoumarol  (44).  NADH: 
cytochrome  b5  reductase  was  measured  using  NADH  (200  pM)  as  the 
electron  donor,  and  NADH: cytochrome  P-450  reductase  was  measured 
using  NADPH  (200  pM)  as  electron  donor  (45)  in  a  Beckman  DU  640 
spectrophotometer  (Beckman  Coulter,  Fullerton,  CA).  Reactions  were 
carried  out  at  37  °C  and  were  initiated  by  the  addition  of  S9  superna¬ 
tants.  Varying  amounts  of  supernatants,  from  10  to  40  pi,  were  used  to 
ensure  linearity  of  rates  with  protein  concentration.  Enzyme  activities 
were  calculated  as  nmol  of  cytochrome  c  reduced/min/mg  of  protein, 
based  on  the  initial  rate  of  change  in  OD  at  550  nm  and  an  extinction 
coefficient  for  cytochrome  c  of  21.1  mM/cm.  Results  shown  are  the 
average  enzyme  activity  for  three  separate  cell  extractions  ±  S.D.  or 
both  values  from  duplicate  experiments. 

NADH  Recycling  Assays — Assays  were  performed  with  either  puri¬ 
fied  NQOl  (46)  or  S9  extracts  from  MCF-7:WS8  cells.  For  the  assay 
using  purified  NQOl,  1.5  pg  of  recombinant  human  NQOl  was  mixed 
with  200-500  pM  NADH  in  50  mM  potassium  phosphate  buffer,  pH  7.0. 
Reactions  were  initiated  by  the  addition  of  2-20  pM  /3-lap  or  menadione, 
and  the  change  in  absorbance  at  340  nM  was  measured  over  time.  For 
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Fig.  1.  Co-administration  of  dicoumarol  protects  MCF-7:WS8, 
but  not  MDA-MB-468,  cells  from  /3-lap-mediated  cytotoxicity. 
Cells  were  seeded  into  60-mm  dishes  (10,000  and  1000  cells/dish,  in 
triplicate)  and  allowed  to  attach  overnight.  Cells  were  then  exposed  to 
a  4-h  pulse  of  /3-lap  either  alone  (■)  or  with  50  pM  dicoumarol  (O). 
Media  were  removed,  fresh  drug-free  media  were  added,  and  cells  were 
allowed  to  grow  for  10  days.  Plates  were  then  washed  and  stained  with 
crystal  violet  in  50%  methanol.  Colonies  of  greater  than  50  normal¬ 
appearing  cells  were  then  counted  and  plotted  versus  /3-lap  concentra¬ 
tion.  Shown  is  the  mean  ±  S.E.  of  triplicate  plates  from  two  independ¬ 
ent  experiments  . 

assays  using  MCF-7:WS8  S9  extracts,  5  pi  of  extracts  containing  ap¬ 
proximately  2000  units  of  NQOl/mg  of  protein  were  mixed  with  200- 
500  pM  NADH  in  50  mM  Tris-HCl,  pH  7.5,  containing  0.14%  bovine 
serum  albumin.  Reactions  were  initiated  by  the  addition  of  5-200  pM 
/3-lap  or  menadione,  and  change  in  absorbance  at  340  nM  was  measured 
for  10  min.  All  reactions  were  also  performed  in  the  presence  of  10  pM 
dicoumarol,  which  inhibited  all  measurable  NQOl  activity. 

Flow  Cytometry  and  Apoptotic  Measurements — Flow  cytometric  anal¬ 
yses  were  performed  as  described  (1,  2),  TUNEL  assays,  to  measure 
DNA  fragmentation  during  apoptosis,  were  performed  using  APO-DI- 
RECT™  as  described  by  the  manufacturer  (Phoenix  Flow  Systems, 
Inc.,  San  Diego,  CA).  Samples  were  read  in  an  EPICS  Elite  ESP  flow 
cytometer  using  an  air-cooled  argon  laser  at  488  nm,  15  milliwatts 
(Beckman  Coulter  Electronics,  Miami,  FL).  Propidium  iodide  was  read 
at  640  nm  using  a  long  pass  optical  filter,  and  fluorescein  isothiocyanate 
was  read  at  525  nm  using  a  band  pass  filter.  Analysis  was  performed 
using  the  Elite  acquisition  software  provided  with  the  instrument.  All 
experiments  were  performed  a  minimum  of  three  times. 

RESULTS 

We  previously  showed  that  the  naturally  occurring  1,2-naph¬ 
thoquinone,  /3-lap,  induced  apoptosis  in  a-  number  of  breast 
cancer  cell  lines  (1,  2).  We  hypothesized  that  /3-lap,  as  a  mem¬ 
ber  of  the  naphthoquinone  family,  may  be  a  substrate  for 
NQOl  and  that  its  toxicity  may  be  influenced  by  NQOl  expres¬ 
sion.  We  therefore  tested  the  effects  of  dicoumarol  on  /3-lap- 
mediated  cytotoxicity  in  MCF-7:WS8  or  MDA-MB-468  breast 
cancer  cell  lines  after  a  4-h  pulse  of  drug.  Co-administration  of 
50  pM  dicoumarol  during  a  4-h  pulse  of  /3-lap  caused  a  signifi¬ 
cant  survival  enhancement  in  MCF-7:WS8  ceils  (Fig.  1).  While 
this  protection  was  dramatic  at  /3-lap  doses  of  4-12  pM,  the 
protective  effects  of  dicoumarol  were  overcome  by  >14  pM 
/3-lap.  In  contrast,  MDA-MB-468  cells  were  relatively  resistant 
(LDS0  —  8  p m,  compared  with  MCF-7:WS8,  LD50  ~  4  pM)  to 
/3-lap  alone  and  were  not  significantly  protected  by  dicoumarol 
(Fig.  1).  Since  MDA-MB-468  cells  do  not  express  NQOl  (Table 
I  and  Fig.  3)  and  dicoumarol  significantly  protected  NQOl- 
expressing  MCF-7:WS8  cells  (Table  I  and  Fig.  3),  these  data 
suggested  that  NQOl  expression  was  a  critical  determining 
factor  in  /3-lap-mediated  cytotoxicity. 

We  then  extended  these  studies  to  compare  the  relative 
toxicity  of  menadione  (2-methyl-l, 4-naphthoquinone)  to  /3-lap, 
either  alone  or  in  the  presence  of  dicoumarol.  Three  breast 


Table  I 

Endogenous  reductase  levels  in  breast  cancer  cell  lines 


Values  represent  averages  for  three  or  more  separate  S9  prepara¬ 
tions  ±  S.D.  except  as  noted  in  Footnote  c. 


Enzyme  activities0 

Cell  line 

NQOl 

NADHxytochrome  b5 
reductase 

NADPHxytochrome 
P-450  reductase 

MCF-7:WS8 

2641  ±  555 

nmol!  min!  mg 

81  ±  18 

27  ±  5.0 

T47D:A18 

82  ±  17 

131  ±  35 

31  ±  1.0 

MDA-MB-468 

<10.0fe 

93/108c 

26/36c 

°  Units  are  nanomoles  of  cytochrome  c  reduced  per  min  per  mg  of 
protein. 

*  <10.0**,  NQOl  activity  not  detected.  The  difference  in  the  rate  of 
cytochrome  c  reduction  with  and  without  dicoumarol  was  not  statisti¬ 
cally  significant,  based  on  Student’s  t  test. 
c  Both  values  from  separate  S9  preparations  are  shown. 


8-Lap  Cone.  (pM)  Menadione  Cone.  (pM) 


Fig.  2.  Relative  growth  inhibition  of  various  breast  cancer  cell 
lines  by  /3-lap  or  menadione.  Cells  (MCF-7:WS8  (A  and  B),  T47D: 
A18  (C  and  D)  and  MDA-MB-468  ( E  and  F)  were  seeded  into  96-well 
plates  (1500  cells/well)  and  allowed  to  attach  overnight.  Media  contain¬ 
ing  drugs  (/3-lap  in  A,  C,  and  E ;  menadione  in  B,  D,  and  F),  either  alone 
(/3-lap  (•)  or  menadione  (■))  or  in  the  presence  of  50  pM  dicoumarol 
(/3-lap  (O)  or  menadione  (□)),  were  then  added  for  4  h.  Media  were  then 
removed,  fresh  drug-free  media  were  added,  and  the  cells  were  allowed 
to  grow  for  an  additional  7  days.  Relative  DNA  per  well  was  then 
determined  by  Hoescht  33258  fluorescence,  and  relative  growth  (treat¬ 
ed/control  DNA)  was  plotted.  Each  point  represents  the  mean  of  four 
independent  wells  ±  S.E. 

cancer  cell  lines  (T47D:A18,  MDA-MB-468,  and  MCF-7:WS8) 
were  treated  with  a  4-h  pulse  of  drugs,  and  relative  growth  was 
measured  7  days  later  (Fig.  2).  Dicoumarol  significantly  inhib¬ 
ited  /3-lap  toxicity  in  MCF-7:WS8  and  T47D:A18  cells.  In  con¬ 
trast,  dicoumarol  showed  little  or  no  protective  effect  in  MDA- 
MB-468  cells  (compare  graphs  A,  C,  and  E  in  Fig.  2). 

In  a  parallel  experiment  using  menadione,  alone  or  with 
dicoumarol,  the  relative  sensitivities  of  the  cell  lines  to  mena¬ 
dione  were  opposite  those  found  with  /3-lap;  MCF-7:WS8  cells 
were  the  most  resistant  to  menadione,  and  MDA-MB-468  cells 
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Fig.  3.  NQOl  expression  in  various  breast  cancer  cell  lines. 
Whole  cell  extracts  were  prepared  from  exponentially  growing  cell  lines. 
Equal  protein  was  loaded  into  each  lane  and  confirmed  by  Ponceau  S 
staining.  Proteins  were  separated  by  standard  10%  SDS-polyacryl- 
amide  gel  electrophoresis,  transferred  to  Immobilon  P,  and  probed  with 
medium  from  an  anti-NQOl  hybridoma  followed  by  horseradish  perox¬ 
idase-conjugated  anti-mouse  secondary  antibody.  Signals  were  visual¬ 
ized  using  Super  Signal  reagent  as  described  under  “Experimental 
Procedures  ”  Shown  is  a  representative  blot  from  experiments  per¬ 
formed  at  least  three  times. 

were  the  most  sensitive.  Co-administration  of  dicoumarol 
caused  a  significant  sensitization  of  MCF-7:WS8  cells  to  men¬ 
adione  toxicity,  with  a  decrease  in  the  relative  IC50  from  12  to 
3  pM.  MDA-MB-468  cells,  which  were  inherently  more  sensitive 
to  menadione,  were  unaffected  by  dicoumarol  co-administra¬ 
tion.  T47D:A18  cells  were  only  minimally  sensitized  to  mena¬ 
dione  exposure  when  dicoumarol  was  co-administered  (com¬ 
pare  graphs  B ,  D,  and  F;  Fig.  2).  These  data  were  consistent 
with  NQOl  expression  (Fig.  3),  where  NQOl  protein  levels 
were  high  in  MCF-7:WS8  cells,  moderate  in  T47D:A18  cells, 
and  undetectable  in  MDA-MB-468  cells.  NQOl  enzyme  activi¬ 
ties  were  consistent  with  protein  levels  (compare  Fig.  3  and 
Table  I).  Using  these  cell  extracts,  we  showed  that  /3-lap  could 
substitute  for  menadione  in  this  in  vitro  assay,  demonstrating 
that  the  compound  was  a  suitable  NQOl  substrate  in  intact 
cells  (Fig.  9  and  data  not  shown).  These  data  demonstrated 
that  both  menadione  and  /3-lap  could  serve  as  substrates  for 
NQOl-mediated  reduction  and  suggested  that  the  end  results 
of  these  reductions  were  opposite  (i.e.  menadione  was  inacti¬ 
vated  by  reduction,  and  /3-lap  was  activated  by  reduction). 

We  previously  showed  that  apoptosis  in  various  human 
breast  cancer  cell  lines  induced  by  /3-lap  administration  was 
unique,  in  that  it  caused  a  pattern  of  PARP  and  p53  cleavages 
distinct  from  that  induced  by  other  caspase-activating  agents. 
After  /3-lap  treatment,  we  observed  a  60-kDa  PARP  fragment, 
which  was  probably  due  to  the  activation  of  a  neutral,  calcium- 
dependent  protease  with  similar  properties  as  calpain.2  To 
investigate  the  effect  of  dicoumarol  on  this  cleavage  pattern  in 
MCF-7:WS8  cells,  we  treated  cells  with  a  4-h  pulse  of  8  pM 
/3-lap  alone  or  in  the  presence  of  50  p.M  dicoumarol.  Cells  were 
lysed  20  h  later,  and  PARP  cleavage  was  monitored.  We  also 
investigated  the  effects  of  1  pM  staurosporine  treatment,  in 
order  to  determine  if  dicoumarol  could  block  classic  apoptotic 
proteolysis  or  if  it  was  specific  for  /3-lap-induced  apoptosis.  As 
seen  in  Fig.  4,  dicoumarol  completely  abrogated  atypical  PARP 
cleavage  after  /3-lap  exposure  but  had  no  effect  on  staurospo- 
rine-induced  classic  PARP  cleavage  (i.e.  formation  of  an  89-kDa 
PARP  fragment  (47))  in  MCF-7:WS8  cells.  The  fact  that  dicou¬ 
marol  significantly  protected  NQOl -expressing  cells  from 
/3-lap-mediated  apoptosis  strongly  suggested  a  role  for  NQOl  in 
/3-lap  toxicity.  However,  previous  studies  indicated  that  dicou- 


2  J.  J.  Pink,  S.  Wuerzberger-Davis,  C.  Tagliarino,  S.  M.  Planchon,  X. 
Yang,  C.  J.  Froelich,  and  D.  A.  Boothman  (2000)  Exp.  Cell  Res. ,  in  press. 
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Fig.  4.  Dicoumarol  inhibition  of  /3-lap-induced  atypical  PARP 
cleavage.  MCF-7:WS8  cells  were  treated  with  a  4-h  pulse  of  8  pM  /3-lap 
(/3,  lanes  3  and  4)  or  a  24-h  pulse  of  1  pM  staurosporine  (5,  lanes  5  and 
6)  either  alone  or  with  50  /xm  dicoumarol  during  the  time  of  drug 
exposure.  Untreated  cells  (C,  lane  1)  or  cells  treated  only  with  50  /xM 
dicoumarol  (C  +  Die,  lane  2)  were  included  as  controls.  Whole  cell 
extracts  were  prepared  at  24  h  and  analyzed  using  standard  Western 
blot  techniques  as  described  for  Fig.  3.  The  blot  was  probed  with  the 
C-2-10  anti-PARP  monoclonal  antibody  followed  by  horseradish  perox¬ 
idase-conjugated  anti-mouse  secondary  antibody  and  visualized  with 
Super  Signal  reagent.  Shown  is  a  representative  blot  from  experiments 
performed  at  least  three  times. 


gt 

5:  m 

t*  <  *r  if  «  t  'f 

oo  %  g  o  o'  o' o  o  o  6  o  a6 

£  E  >>  zzzzzzskzzj!: 


NQOl  —  - 


12  3  4  5  6  7  S  HO  II  12  1314 


Fig.  5.  NQOl  protein  expression  in  MDA-MB-468  transfec- 
tants.  Whole  cell  extracts  were  prepared  from  exponentially  growing 
parental  MCF-7:WS8  and  MDA-MB-468  cells,  two  control  vector  alone 
MDA-MB-468  transfectants,  and  10  NQOl  expression  vector  MDA-MB- 
468  transfectants.  Equal  amounts  of  protein  were  analyzed  by  standard 
Western  blot  techniques  as  described  above  using  anti-NQOl  as  de¬ 
scribed  for  Fig.  4.  Shown  is  a  representative  blot  from  experiments 
performed  at  least  three  times. 


marol  may  also  inhibit  other  cellular  enzymes  (48). 

In  order  to  definitively  demonstrate  the  role  of  NQOl  in 
/3-lap  toxicity,  we  utilized  the  NQO  1-negative,  /3-lap-resistant, 
MDA-MB-468  cell  line  to  determine  if  exogenous  expression  of 
NQOl  could  sensitize  these  cells  to  /3-lap.  We  stably  transfected 
MDA-MB-468  cells  with  a  constitutive  NQOl  expression  vector 
under  the  control  of  a  cytomegalovirus  promoter.  We  also  per¬ 
formed  a  parallel  transfection  using  the  empty  vector,  pcDNA3. 
Following  selection  of  a  pooled  population  of  G418-resistant 
cells,  we  isolated  a  number  of  clones  by  limiting  dilution  sub¬ 
cloning,  as  described  under  “Experimental  Procedures.”  NQOl 
expression  in  isolated  clones  was  then  determined  by  Western 
blot  analyses  (Fig.  5)  and  enzyme  assays  (Table  II).  In  all  cases, 
enzyme  activity  correlated  with  protein  expression.  As  shown 
in  Fig.  5  and  Table  II,  the  empty  vector-containing  clones  did 
not  demonstrate  measurable  NQOl  expression,  as  observed 
with  parental,  nontransfected  cells  (see  lanes  2,  3,  and  4).  Of 
the  10  clones  isolated  from  the  NQOl  transfections,  nine  ex¬ 
hibited  NQOl  expression.  Clone  NQ-2  ( lane  6)  showed  no  meas¬ 
urable  NQOl  expression. 

We  tested  a  number  of  the  clones  for  /3-lap  and  menadione 
sensitivity.  Growth  inhibition  was  measured  after  a  4-h  pulse 
of  drugs,  either  alone  or  in  the  presence  of  50  pM  dicoumarol. 
Relative  growth  of  /3-lap-treated  compared  with  control  cells 
{TIC)  was  determined  7  days  after  drug  exposures,  using  DNA 
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Table  II 

NQOl  expression  in  MDA-MB-468  transfectants 


Clone 

NQOl  activity1 

nmol!  min!  mg 

Vec-3 

<10  6 

NQ-1 

6555/8264c 

NQ-2 

<10* 

NQ-3 

9276  ±491rf 

NQ-6 

14,684/18, 5Ue 

NQ-7 

11, 341/12, 332c 

a  Units  are  nmol  of  cytochrome  c  reduced  per  min  per  mg  of  protein. 
6  dOj,  NQOl  not  detected.  The  difference  in  the  rate  of  cytochrome 
c  reduction  with  and  without  dicoumarol  was  not  statistically  signifi¬ 


cant,  based  on  Student’s  t  test. 
c  Both  values  from  two  separate  S9  preparations. 
d  Average  for  three  separate  S9  preparations  ±  S.D. 


B-Lapachone  Concentration  (pM) 
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Fig.  6.  NQOl  expression  sensitizes  cells  to  acute  /3-lap  cytotox¬ 
icity.  A,  acute  /3-lap  toxicity  was  determined  using  the  control  vector 
MDA-MB-468  transfectant  (clone  Vec-3)  and  five  NQOl  vector-contain¬ 
ing  MDA-MB-468  transfectants,  as  described  in  Fig.  2.  Note  that  clone 
NQ-2  showed  no  measurable  NQOl  expression  (Fig.  5  and  Table  II). 
Cells  were  exposed  to  a  4-h  pulse  of  a  range  of  /3-lap  doses  either  alone 
(•)  or  with  50  p.M  dicoumarol  (O)  and  then  allowed  to  grow  for  an 
additional  7  days,  at  which  time  DNA  content  for  treated  (T)  cells  was 
measured  and  plotted  relative  to  control  (C)  cells.  B,  Vec-3  (■,  □),  NQ-1 
(A,  A),  and  NQ-3  (•,  O)  cells  were  treated  with  a  4-h  pulse  of  a  range  of 
/3-lap  doses  alone  (■,  A,  •)  or  with  50  pM  dicoumarol  (□,  A,  O).  Overall 
survival,  as  assessed  by  colony-forming  ability,  was  measured  after  10 
days  growth  in  control  media.  Shown  is  a  representative  graph  from 
experiments  performed  at  least  three  times  with  each  group  consisting 
of  at  least  triplicate  determinations.  Differences  between  treatments 
were  compared  using  a  two-tailed  Student’s  t  test  for  paired  samples 
and  groups  having  p  <  0.01  compared  with  0-lap  or  dicoumarol  alone 
are  indicated  by  an  asterisk. 


Fig.  7.  Acute  0-lap-mediated  apoptosis  requires  NQOl  activ¬ 
ity.  DNA  fragmentation  was  assessed  using  the  TXJNEL  assay,  as 
described  under  “Experimental  Procedures.”  Cells  were  exposed  to  a  4-h 
pulse  of  0-lap  alone  or  in  combination  with  50  pM  dicoumarol,  and 
TUNEL  assays  were  performed  to  monitor  apoptosis  44  h  later  using 
the  APO-DIRECT™  kit.  Data  were  analyzed  using  an  EPICS  Elite  ESP 
flow  cytometer.  Shown  are  the  results  of  one  experiment  representative 
of  at  least  three  independent  assays. 

amount  per  well  as  an  indicator  of  cell  growth.  In  all  cases, 
expression  of  NQOl  led  to  a  marked  increase  in  sensitivity  to 
0-lap  (see  Fig.  6A).  Co-administration  of  50  pM  dicoumarol 
selectively  inhibited  0-lap  toxicity  in  all  clones  that  expressed 
NQOl.  Dicoumarol  did  not  affect  the  relatively  more  0-lap- 
resistant  Vec-3  or  NQ-2  clones,  which  did  not  express  NQOl. 

Opposite  results  were  observed  after  menadione  treatments. 
Cells  expressing  NQOl  were  more  resistant  to  menadione  than 
NQOl-negative  clones,  and  resistance  could  be  ameliorated  by 
dicoumarol  co-administration  (data  not  shown).  To  demon¬ 
strate  that  this  effect  was  not  due  simply  to  transient  growth 
inhibition,  we  also  measured  clonogenic  survival  of  the  Vec-3, 
NQ-3,  and  NQ-7  clones  after  a  4-h  treatment  with  0-lap  alone 
or  in  the  presence  of  50  pM  dicoumarol  (Fig.  6B).  Relative 
survival  closely  mimicked  growth  inhibition,  demonstrating 
the  sensitizing  effect  of  NQOl  expression  on  0-lap  cytotoxicity. 
These  data  clearly  established  that  NQOl  activity  was  critical 
for  the  acute  toxicity  of  0-lap. 

To  confirm  that  cell  death  occurred  due  to  the  induction  of 
apoptosis  in  the  NQOl  transfectants,  we  used  TUNEL  assays 
to  measure  DNA  fragmentation  due  to  apoptosis  after  0-lap 
treatment.  Cells  were  treated  with  a  4-h  pulse  of  8  pM  0-lap 
alone  or  in  combination  with  50  p M  dicoumarol,  harvested  48  h 
later,  and  monitored  for  apoptosis  using  TUNEL  assays,  where 
terminal  deoxynucleotide  transferase-mediated  FITC-dUTP 
incorporation  was  measured.  As  shown  in  Fig.  7,  Vec-3  cells 
showed  less  than  2%  TUNEL-positive  (apoptotic)  cells  after 
0-lap  treatment.  All  NQO  1-expressing  clones  showed  between 
30  and  70%  TUNEL-positive  cells.  Dicoumarol  co-administra¬ 
tion  completely  blocked  apoptosis-related  DNA  fragmentation 
in  all  of  the  NQO  1-expressing  MDA-MB-468  clones.  These  find¬ 
ings  further  demonstrated  that  while  certain  aspects  of  0-lap 
cytotoxicity  were  unique  ( e.g .  atypical  PARP  cleavage),  other 
aspects  conform  to  the  classic  apoptotic  pathway  (e.g.  DNA 
fragmentation,  as  measured  by  TUNEL  assays  and  the  pres¬ 
ence  of  a  sub-Go/Gi  cell  population  (2)). 

We  next  utilized  a  number  of  the  NQO  1-expressing  MDA- 
MB-468  clones  to  determine  if  cytotoxicity  equated  with  corre¬ 
sponding  increases  in  atypical  apoptotic  proteolysis,  as  meas¬ 
ured  by  PARP  and  p53  cleavage.  NQOl-expressing  clones  were 
exposed  to  8  /xm  0-lap  for  4  h,  and  cell  lysates  were  prepared 
48  h  later.  As  observed  in  Fig.  8A,  clones  with  NQOl  expression 
( le .  NQ-1,  NQ-3,  NQ-6,  and  NQ-7)  demonstrated  a  prevalent 
60-kDa  PARP  cleavage  fragment  after  exposure  to  8  pM  0-lap. 
The  NQOl-negative  clone,  Vec-3,  exhibited  no  PARP  cleavage 
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FlG.  8.  NQOl  expression  sensitizes  cells  to  0-lap-mediated  ap- 
optotic  proteolysis  and  inhibits  menadione-mediated  apoptotic 
proteolysis.  Apoptotic  proteolysis  was  measured  in  cells  exposed  to  a 
4-h  pulse  of  8  pM  /3-lap  alone  (/3)  or  8  /iM  menadione  alone  ( M)  or  in 
combination  with  50  p,M  dicoumarol  (0  +  D  and  M  +  Dy  respectively). 
Whole  cell  extracts  were  prepared  44  h  after  drug  treatment  and  ana- 


at  this  /3-lap  dose.  We  noted  cleavage  of  p53  (resulting  in  an 
~40-kDa  fragment)  at  the  same  /3-lap  dose  that  gave  rise  to  the 
60-kDa  PARP  fragment.  Cells  exposed  to  10  /xm  menadione 
with  or  without  dicoumarol  showed  an  opposite  pattern,  as 
monitored  by  p53  and  PARP  cleavage  (Fig.  8B  and  data  not 
shown).  Dicoumarol  enhanced  p53  cleavage  after  menadione 
exposure.  Importantly,  NQOl  expression  also  led  to  resistance 
to  menadione-induced  p53  cleavage,  which  could  be  reversed  by 
co-administration  of  dicoumarol.  Previous  studies  from  our  lab¬ 
oratory  suggested  that  both  the  PARP  and  p53  cleavage  events 
were  the  result  of  activation  of  the  calcium-dependent  protease, 
calpain.2 

To  further  characterize  the  nature  by  which  0-lap  could 
serve  as  a  substrate  for  NQOl,  we  measured  NADH  oxidation 
using  a  modified  in  vitro  assay.  Using  purified  recombinant 
human  NQOl  or  cell  extracts  containing  NQOl,  we  measured 
the  oxidation  of  NADH  in  the  presence  of  either  menadione  or 
0-lap.  This  assay  was  different  from  that  used  to  measure 
NQOl  activity  in  cell  lysates  (described  in  Tables  I  and  II),  in 
that  a  terminal  electron  acceptor  ( i.e .  cytochrome  c)  was  not 
included  in  the  reaction.  If  the  substrates  (menadione  or  0-lap) 
were  utilized  once  in  the  enzyme  reaction,  the  compounds  could 
not  reduce  a  terminal  electron  acceptor  and  would  thereby 
presumably  accumulate  in  their  respective  hydroquinone 
forms.  This  would  result  in  oxidation  of  1  mol  of  NADH/mol  of 
quinone  reduced.  As  expected,  menadione  reduction  resulted  in 
the  oxidation  of  1-3  mol  of  NADH/mol  of  menadione  in  2  min 
and  3-4  mol  of  NADH/mol  of  menadione  in  3  min  using  S9 
extracts  from  MCF-7:WS8  or  NQ-3  cells  (Fig.  9  and  data  not 
shown).  0-lap  resulted  in  the  oxidation  of  10-20  mol  of  NADH/ 
mol  of  0-lap  in  2  min  and  50-60  mol  of  NADH/mol  of  0-lap  in 
3  min  (Fig.  9).  The  relative  NADH  oxidation  with  0-lap  may  be 
an  underestimate  of  0-lap-mediated  NADH  oxidation,  due  to 
exhaustion  of  reduced  NADH  at  later  time  points.  Using  puri¬ 
fied  NQOl,  this  effect  was  even  more  pronounced,  giving  rise  to 
oxidation  of  10  mol  of  NADH/mol  of  0-lap  in  10  s  and  100  mol 
of  NADH/mol  of  0-lap  in  10  min  (data  not  shown).  These  results 
strongly  suggest  that  the  hydroquinone  form  of  0-lap  is  unsta¬ 
ble  and  rapidly  undergoes  autoxidation  to  the  parent  quinone, 
which  can  again  serve  as  substrate  for  reduction  by  NQOl. 

DISCUSSION 

We  demonstrated  that  0-lap  cytotoxicity  is  dependent  upon 
the  expression  of  the  obligate  two-electron  reductase,  NQOl. 
Dicoumarol,  an  NQOl  inhibitor,  significantly  protected  NQOl- 
expressing  breast  cancer  cell  lines  against  all  tested  aspects  of 
0-lap  toxicity,  including  cell  death.  Overall,  NQOl  expression 
correlated  well  with  sensitivity  of  various  breast  cancer  cell 
lines  to  the  effects  of  0-lap.  Use  of  the  redox  cycling  compound 
menadione,  which  is  detoxified  by  NQOl,  demonstrated  that 
the  protection  offered  by  dicoumarol  is  not  the  result  of  a  global 
apoptotic  inhibition,  since  dicoumarol  significantly  enhanced 
the  cytotoxicity  of  menadione,  in  cells  that  expressed  NQOl 
(Fig.  2).  Dicoumarol  also  did  not  protect  against  staurosporine- 
induced  apoptosis,  instead  demonstrating  a  very  modest  en¬ 
hancement  of  PARP  cleavage.  The  nature  of  this  response  is 
unknown  but  may  involve  signaling  through  the  MEKK1  path¬ 
way,  as  recently  described  by  Cross  et  al.  (49).  In  addition,  the 
relative  sensitivities  of  the  cell  lines  to  menadione  were  oppo- 


lyzed  using  standard  Western  blot  techniques.  A ,  PARP  cleavage  was 
assessed  using  the  C-2-10  monoclonal  antibody,  the  blots  were  then 
stripped  and  reprobed  with  the  anti-NQOl  antibody.  B,  cells  were 
treated  with  either  0-lap  or  menadione  for  4  h  and  then  probed  with  a 
p53  antibody  (DO-1).  Equal  protein  loading  was  assessed  by  Ponceau  S 
staining  as  described  under  “Experimental  Procedures.”  Shown  is  a 
representative  blot  from  experiments  performed  at  least  three  times. 
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Fig.  9.  /3-lap-mediated  NADH  oxidation  and  futile  cycling  by  NQOl-containing  cell  extracts.  S9  extracts  prepared  from  MCF-7:WS8 
cells  served  as  a  source  for  NQOl  and  were  mixed  with  500  /am  NADH  in  50  mM  Tris-HCl,  pH  7.5,  as  described  under  “Experimental  Procedures.” 
Reactions  were  initiated  by  adding  /3-lap  or  menadione,  and  changes  in  absorbance  at  340  nm  (NADH  absorbs  at  340;  NAD+  does  not)  were 
measured  over  time  for  3  min.  Total  loss  of  NADH  was  then  calculated  and  divided  by  the  concentration  of  /3-lap  or  menadione  used.  This  ratio 
was  then  plotted  as  a  function  of  /3-lap  or  menadione  concentration  after  1  ( light  bars),  2  ( darker  bars),  and  3  ( darkest  bars)  min.  Shown  is  a 
representative  graph  from  experiments  repeated  at  least  two  times. 


site  those  of  /3-lap,  demonstrating  that  the  /3-lap-sensitive  cells 
were  not  merely  sensitive  to  unrelated  cytotoxic  compounds. 
Exogenous  expression  of  NQOl,  in  NQO  1-deficient  MDA-MB- 
468  cells,  shifted  the  LD99  from  >10  /am  to  less  than  4  /am.  While 
this  shift  may  appear  modest,  the  dose-response  curves  for  both 
growth  inhibition  and  survival  after  /3-lap  treatment  were  ex¬ 
tremely  steep.  At  4  /am  /3-lap,  60%  of  the  NQOl-negative  cells 
survived,  whereas  less  than  0.05%  survival  was  noted  in  cells 
transfected  with  NQOl.  A  similarly  steep  curve  was  noted  with 
growth  inhibition,  where  treatment  with  4  /am  /3-lap  led  to 
greater  than  90%  growth  in  the  NQOl-negative  cells  and  un¬ 
detectable  growth  in  the  NQO  1-expressing  cells.  In  both  sur¬ 
vival  and  growth  measurements,  addition  of  50  /am  dicoumarol 
protected  NQO  1-expressing  cells  completely  and  resulted  in 
values  nearly  equal  to  that  observed  in  untreated  cells.  While 
these  findings  suggest  that  /3-lap  should  show  considerable 
activity  against  NQOl  expressing  tumors,  the  dose-response 
curves  indicate  that  the  overall  drug  exposure  will  undoubtedly 
need  to  be  closely  monitored  if  this  drug  is  to  prove  clinically 
useful. 

/3-lap  may  be  activated  by  NQOl  in  a  manner  analogous  to 
that  of  MMC  or  E09  (50,  51).  However,  unlike  MMC  (52),  there 
is  no  indication  of  direct  DNA  damage  by  /3-lap  as  assessed  by 
p53  induction,  alkaline  or  neutral  filter  elution,  or  covalent 
complex  protein-DNA  formation  (2,  53,  54).  Most  specific  dem¬ 
onstrations  of  /3-lap  activity  have  come  from  in  vitro  assays.  For 
example,  topoisomerase  Ila-mediated  DNA  damage  has  been 
observed  in  vitro  after  treatment  with  either  /3-lap  or  menadi¬ 
one  (10).  However,  the  expected  downstream  effects  of  this 
damage  (e.g.  p53  induction,  DNA-topoisomerase  Ila  complexes, 
etc.)  have  not  been  observed  (1,  2).  In  addition,  we  previously 
showed  that  topoisomerase  I  could  be  inhibited  or  activated  in 
vitro  in  a  manner  distinct  from  that  of  the  classic  topoisomer¬ 
ase  I  inhibitor,  camptothecin  (1).  Neither  “cleavable  complex” 
formation  (8)  nor  increases  in  the  steady  state  levels  of  wild- 
type  p53  were  observed  following  /3-lap  treatment.  In  contrast, 
camptothecin  or  topoisomerase  Ila  inhibitors  caused  a  dra¬ 
matic  increase  in  p53,  as  previously  reported  (1,  55).  The  ob¬ 
servations  reported  here  suggest  that  /3-lap  must  either  be 
activated  (reduced)  to  inhibit  topoisomerases  I  or  Ila  or  that 
topoisomerase  inhibition  is  not  a  necessary  component  of  /3-lap- 
mediated  cytotoxicity. 


One  particularly  unique  aspect  of  /3-lap  toxicity  is  the  appar¬ 
ent  activation  of  a  novel  protease,  which  we  first  discerned  by 
observation  of  an  atypical  cleavage  pattern  of  the  DNA  repair 
protein  and  apoptotic  substrate,  PARP.2  This  pattern  (giving 
rise  to  an  ~60-kDa  fragment  instead  of  the  classic  89-kDa 
fragment)  was  unique  to  /3-lap-mediated  apoptosis  and  corre¬ 
lated  well  with  lethality.  In  addition,  investigation  of  p53  pro¬ 
teolysis  after  /3-lap  treatment  showed  a  fragment  of  —40  kDa 
(Fig.  IB),  which  was  similar  to  that  previously  attributed  to 
calpain  activation  (56).  Calpain  has  been  implicated  in  apopto¬ 
sis  in  a  number  of  systems  (57-59),  and  we  hypothesize  that 
calpain  is  the  primary  protease  activated  in  /3 -lap-mediated  cell 
death.2  The  data  regarding  the  role  of  calpain  as  an  inducer  of 
apoptosis  or  simply  a  component  of  the  execution  phase  of 
apoptosis  appear  to  depend  upon  the  cell  type  and  method  of 
apoptosis  induction.  The  demonstration  of  menadione-induced 
p53  cleavage  (Fig.  8)  suggests  that  this  proteolytic  pathway  is 
not  unique  to  /3-lap.  Enhancement  of  menadione-mediated  pro¬ 
teolysis  by  dicoumarol  suggests  that  the  hydroquinone  form  of 
menadione  is  a  nontoxic  species  or  is  rapidly  conjugated  and 
excreted  from  the  cell  and  does  not  activate  this  cell  death 
pathway  (60).  However,  when  menadione  is  reduced  to  the 
semiquinone,  in  the  absence  of  NQOl  activity,  it  can  also 
undergo  a  futile  cycle,  leading  to  the  loss  of  reduced  NAD(P)H 
(61).  This  futile  cycle  is  less  potent  than  the  /3-lap  futile  cycling 
but  can  be  activated  by  high  concentrations  of  menadione  in 
NQOl  expressing  cells  and  lower  menadione  concentrations  in 
cells  lacking  NQOl  activity. 

While  reduction  of  /3-lap  appears  to  be  important  for  its 
cytotoxic  effects  against  breast  cancer  cells,  the  mechanism  by 
which  reduction  of  /3-lap  leads  to  toxicity  is  still  unresolved. 
Our  findings  regarding  the  futile  cycling  of  /3-lap  suggest  a 
possible  component  of  the  cytotoxic  mechanism.  /3-lap-medi- 
ated  exhaustion  of  NADH  in  the  in  vitro  studies  (Fig.  8)  sug¬ 
gests  that  the  hydroquinone  form  of  /3-lap  is  unstable  and 
autoxidizes  back  to  the  parent  compound.  In  an  intact  cell,  this 
futile  cycle  would  be  expected  to  continue  until  one  of  the 
critical  components  of  the  reaction  is  exhausted  (Fig.  10).  Since 
NQOl  can  utilize  either  NADH  or  NAD  PH  as  electron  donors, 
this  futile  cycle  could  lead  to  a  substantial  loss  of  NADH  and 
NADPH  with  a  concomitant  rise  in  NAD+  and  NADP+  levels. 
This  would  have  a  dramatic  effect  on  any  cellular  process 
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Fig.  10.  Proposed  model  for  /3-lapachone-mediated  cytotoxic¬ 
ity  in  cells  expressing  NQOl.  In  cells  that  express  NQOl,  the  1,2- 
naphthoquinone  /3-lap (Q)  is  reduced  to  the  hydroquinone  form  (/3- 
lap(HQ))  using  one  molecule  of  NADH  per  reaction.  The  hydroquinone 
form  of  /3-lap  is  presumably  unstable  and  spontaneously  autoxidizes  to 
its  original  parent  form,  probably  through  a  semiquinone  intermediate 
(/3-lap  (SQD,  which  can  cause  redox  cycling  and  oxidative  stress.  The 
regenerated  parent  compound  can  then  serve  as  substrate  for  another 
round  of  reduction.  This  futile  cycle  causes  a  rapid  and  severe  loss  in 
reduced  NAD(P)H,  which  ultimately  activates  calpain  by  mechanisms 
that  are  not  completely  understood  at  present. 


requiring  NADH  or  NADPH.  It  is  likely  that  this  exhaustion  of 
reduced  enzyme  co-factors  may  be  a  critical  factor  for  the  acti¬ 
vation  of  the  apoptotic  pathway  after  /3-lap  treatment.  The 
downstream  consequences  of  this  futile  cycle  are  currently 
under  investigation  in  our  laboratory. 

At  higher  doses  of  /3-lap  (>10  /im),  NQOl-negative  cells  and 
NQO  1-expressing  cells  treated  with  dicoumarol  were  killed  by 
/3-lap.  This  may  be  due  to  the  production  of  oxidative  stress,  as 
a  result  of  one  electron  reduction  of  /3-lap  by  other  enzymes, 
such  as  cytochrome  b5  reductase  and/or  cytochrome  P-450  re¬ 
ductase  (62).  One  electron  reduction  of  /3-lap  to  the  semiqui¬ 
none  would  be  expected  to  cause  extensive  redox  cycling  with 
the  formation  of  various  reactive  oxygen  species,  and  previous 
studies  showed  that  /3-lap  caused  oxygen  radical  formation  in 
trypanosomes  (63,  64).  We  speculate  that  /3-lap-mediated  free 
radical  formation  can  be  lethal  to  NQO  1-deficient  cells,  as  we 
previously  reported  with  HL60  cells.  The  result  in  these  studies 
was  stimulation  of  a  caspase-mediated  death  pathway  (1).  This 
hypothesis  is  supported  by  a  recent  study  that  showed  that 
/3-lap  can  induce  apoptosis  in  HL-60  cells  through  peroxide 
production  (65).  Alternatively,  other  members  of  the  NQOl 
family  that  are  insensitive  to  dicoumarol,  such  as  NQ02  (66, 
67),  may  be  present  and  reduce  (i.e.  activate)  /3-lap  when  ad¬ 
ministered  at  high  doses.  However,  we  hypothesize  that  the 
production  of  cytosolic  free  radicals  is  not  a  primary  mode  of 
cell  death  in  NQO  1-expressing  cells,  since  free  radical  scaven¬ 
gers  ( e.g .  a-tocopherol,  iV-acetyl-L-cysteine,  or  pyrrolidinedi- 
thiocarbamate)  did  not  significantly  affect  lethality  caused  by 
/3-lap  exposure  (data  not  shown).  The  free  radical-driven  path¬ 


ways  may  predominate  in  NQOl-negative  cells  or  in  cells  with 
inactivated  NQOl.  We  propose  that  when  active  NQOl  is  pres¬ 
ent,  the  pathway  described  in  Fig.  10  is  primarily  responsible 
for  cell  death. 

Our  data  identifying  the  intracellular  target  of  /3-lap  as 
NQOl  may  explain  the  myriad  of  in  vitro  and  in  vivo  responses 
reported  for  this  compound.  /3-lap  exposure  synergizes  with 
MMS,  ionizing  radiation,  and  ultraviolet  light  irradiation  dam¬ 
age  (68).  We  speculate  that  the  synergy  between  this  compound 
and  these  DNA  damaging  agents  is  related  to  the  induction  of 
NQOl  (cloned  as  xip-3,  an  x-ray-inducible  protein  by  our  lab¬ 
oratory  (18)  and  that  of  Fornace  et  al.  (69)).  This  is  further 
supported  by  the  fact  that  only  posttreatments  of  4-5  h,  and 
not  pretreatments,  with  /3-lap  caused  synergistic  cell  killing. 
Induction  of  /3-lap's  target  may  have  been  required  for  synergy, 
and  the  induction  kinetics  of  NQ01/XIP3  after  ultraviolet  light 
or  ionizing  radiation  exposures  (i.e.  ~2  h)  appear  to  fit  this 
mechanism  (18).  /3-lap  exposure  also  prevented  the  formation  of 
ionizing  radiation-inducible  secondary  neoplastic  transfor¬ 
mants  in  Chinese  hamster  embryo  fibroblasts  (53).  Since 
NQOl  expression  is  thought  to  increase  during  early  stages  of 
neoplastic  initiation  (possibly  due  to  the  permanent  induction 
of  a  normal  stress  response,  i.e.  induction  of  NQOl)  (70,  71),  it 
is  possible  that  /3-lap  administration  selectively  eliminates  ge¬ 
netically  damaged  cells  that  constitutively  overexpress  this 
preneoplasic  marker  (i.e.  NQOl).  These  data  suggest  that  it 
may  be  possible  to  exploit  this  IR-inducible  NQOl  target  pro¬ 
tein  for  improved  radiochemotherapy,  which  would  also  result 
in  a  significantly  lower  level  of  IR-induced  secondary  carcino¬ 
genesis,  as  previously  reported  (53). 

Thus,  our  data  strongly  suggest  that  NQOl  expression  is  an 
important  determinant  of  /3-lap-mediated  apoptosis  and  lethal¬ 
ity.  The  connection  between  the  futile  cycle  of  oxidation  and 
reduction  of  /3-lap  by  NQOl  and  the  activation  of  calpain- 
mediated  apoptosis  (Fig.  10)  is  currently  under  investigation  in 
our  laboratory.  Investigation  of  this  drug  should  shed  light  on 
calpain-mediated  cell  death  processes  and  yield  clinical  regi¬ 
mens  using  /3-lap  or  more  efficient  drugs  in  combination  with 
DNA-damaging  agents  (e.g.  radiotherapy).  Use  of  this  drug 
against  tumors  that  overexpress  NQOl,  such  as  breast,  colon, 
or  lung  cancers,  is  indicated.  Identification  of  NQOl  as  the 
intracellular  target  of  /3-lap  also  suggests  the  use  of  this  com¬ 
pound  for  chemoprevention,  since  NQOl  is  commonly  elevated 
during  neoplastic  progression  (43). 
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NF-kB 

Nuclear  transcription  factor- 
kappa  B 

pRb 

Retinoblastoma  protein 

This  work  was  supported  by  United  States  Army  Medicol  Research  and  Materiel 
Command  8reast  Cancer  Initiative  Grant  DAMD1 7-98-1 -8260  (to  DAB.}, 
Predoclora!  Fellowship  DAMD1 7-00-1 -01 94  (to  Cl),  and  Postdoctoral  Fellowship 
DAMD-17-97-1-7221  (to  JJ.P.).  This  work  wos  olso  supported  by  on  HIM  R01  grant 
(CA92250)  to  DAB. 


ABSTRACT 

p-Lapachone  ({3-Lap)  triggers  apoptosis  in  a  number  of  human  breast  and  prostate 
cancer  cell  lines  through  a  unique  apoptotic  pathway  that  is  dependent  upon  NQOl,  a 
two-electron  reductase.  Recently,  our  laboratory  showed  that  p-lap-expo$ed  MCF-7  cells 
exhibited  an  early  increase  in  intracellular  cytosolic  Ca2+  from  endoplasmic  reticulum 
stores,  and  that  BAPTA-AM  (an  intracellular  Ca2+  chelator)  blocked  these  early  increases 
and  partially  inhibited  all  aspects  of  p-lap-induced  apoptosis.  We  now  show  that  expo¬ 
sure  of  NQOl -expressing  breast  cancer  cells  to  p-lap  stimulates  a  unique  proteolytic 
apoptotic  pathway  involving  p-calpain  activation.  No  apparent  activation  of  m-calpain 
was  noted.  Upon  activation,  p,-calpain  translocated  to  the  nucleus  concomitant  with 
specific  nuclear  proteolytic  events.  Apoptotic  responses  in  p-lap-exposed  NQOl -express¬ 
ing  cells  were  significantly  delayed  and  survival  enhanced  by  exogenous  over-expression 
of  calpastatin,  a  natural  inhibitor  of  \i-  and  mcalpains.  Furthermore,  purified  p-calpain 
cleaved  PARP  to  a  unique  fragment  (~60  kDa),  not  previously  reported  for  calpains.  We 
provide  evidence  that  p-lap-induced,  p-ca  I  pa  in-stimulated  apoptosis  does  not  involve  any 
known  apoptotic  caspases;  the  activated  fragments  of  caspases  were  not  observed  after 
p-lap  exposures,  nor  were  there  any  changes  in  the  pro-enzyme  forms  as  measured  by 
Western  blot  analyses.  The  ability  of  p-lap  to  trigger  an  apparently  novel,  p53-inde- 
pendent,  cal  pa  in-mediated  apoptotic  cell  death  further  support  the  development  of  this 
drug  for  improved  breast  cancer  therapy. 


INTRODUCTION 

Apoptosis  is  an  evolutionarily  conserved  pathway  of  biochemical  and  molecular  events 
that  underlie  certain  cell  death  processes  involving  the  activation  of  intracellular  zymogens. 
Once  apoptosis  is  initiated,  biochemical  and  morphological  changes  occur  irreversibly  that 
commit  the  cell  to  die.  These  changes  include:  DNA  fragmentation,  chromatin  condensation, 
cytoplasmic  membrane  blebbing,  cleavage  of  apoptotic  substrates  (e.g.,  PARP,  lamin  B), 
and  loss  of  mitochondrial  membrane  potential  with  concomitant  release  of  cytochrome  c 
into  the  cytoplasm.1 

Apoptosis  is  a  highly  regulated,  active  process  that  requires  the  participation  of  endogenous 
proteases  that  systematically  dismantle  the  cell.  The  most  well-characterized  proteases  in 
apoptosis  are  caspases,  aspartate-specific  cysteine  proteases,  that  work  through  a  cascade 
initiated  by  either: 

a.  mitochondrial  membrane  depolarization  leading  to  the  release  of  cytochrome  c  and 
Apaf-1  into  the  cytoplasm,2  that  then  activates  caspase  93;  or 

b.  activation  of  receptor-mediated  caspase  activation  complexes  (e.g.,  TRADD/MORTl) 
that  initiate  caspase  pathways  primarily  via  the  activation  of  caspases  8  and  10  (reviewed 
in  ref.  4). 

In  contrast,  non-caspase-mediated  pathways  are  less  well  understood  and  specific  activation 
pathways  have  only  been  superficially  described. 

Calpains  are  a  family  of  cysteine  proteases  existing  primarily  in  two  forms  designated 
by  the  Ca2+  concentration  needed  for  activation  in  vitro,  p-  calpain  (calpain-I)  and  m-calpain 
(calpain-II).  Each  form  is  a  heterodimer  consisting  of  a  large  catalytic  and  a  small  regulatory 
subunit  that  are  activated  by  increased  intracellular  Ca2+  concentrations.  Calpains  have 
been  implicated  in  neutrophil  apoptosis,  glucocorticoid-induced  thymocyte  apoptosis,  and 
adipocyte  differentiation,  but  their  patterns  of  activation  are  not  well  characterized.5'7 
Calpains  are  predominantly  located  in  the  cytoplasm,8,9  but  can  translocate  to  cellular 
membranes  where  they  can  become  activated.10  Translocations  to  nuclear  compartments 
have  not  been  described  in  detail.  Calpastatin  is  a  specific,  endogenous  inhibitor  of  both 
m-  and  p-  calpains.  Calpastatin  binds  the  catalytic  subunits  of  calpains  when  associated 
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with  the  regulatory  subunit  and  only  in  the  presence  of  Ca2+. 11,12 
Calpastatin  does  not  inhibit  the  muscle-specific  calpain,  p94,  nor 
other  known  proteases  (e.g.,  papains,  trypsin).13'17 

p-Lapachone  (p-Lap)  is  a  naturally  occurring  quinone  present  in 
the  bark  of  the  South  American  Lapacho  tree.  The  drug  has 
anti-tumor  activity  against  a  variety  of  human  cancers,  including 
colon,  prostate,  pro  myelocytic  leukemia,  and  breast.18'20  p-Lap  was 
an  effective  agent  alone,  and  in  combination  with  taxol,  against 
human  ovarian  and  prostate  xenografcs  in  mice,  with  low-level  host 
toxicity.21  p-Lap  induced  apoptosis  in  a  number  of  cell  lines  as 
detected  by  the  formation  of  a  sub  Gq-Gj  cell  population  visualized 
by  propidium  iodide  staining,19  acridine  orange  staining  22  Annexin 
V  staining,23  nuclear  condensation  and  DNA  laddering.20,23 

We  recently  demonstrated  that  p-lap  killed  human  breast  and 
prostate  cancer  cells  by  an  apoptotic  response  significantly  enhanced 
by  NAD(P)H:quinone  oxidoreductase  (NQOl,  E.C.  1.6.99.2) 
enzymatic  activity.20,24  p-Lap  cytotoxicity  was  prevented  by  co treat¬ 
ment  with  dicumarol  (an  NQOl  inhibitor)  in  NQOl -expressing 
breast  and  prostate  cancer  cells.20,24  NQOl  is  a  cytosolic  enzyme 
elevated  in  breast  cancers25  that  catalyzes  a  two-electron  reduction  of 
quinones  (e.g.,  p-lap,  menadione),  utilizing  either  NADH  or 
NADPH  as  electron  donors.  We  recently  showed  that  reduction  of 
P-lap  by  NQOl  presumably  led  to  a  futile  cycling  of  the  compound, 
wherein  the  quinone  and  hydroquinone  redox  cycle  with  a  net 
concomitant  loss  of  reduced  NAD(P)H.24  Furthermore,  elevated 
intracellular  Ca2+  levels  were  critical  for  apoptosis  induced  by 
p-lap.26  Increased  cytosolic  Ca2+,  due  to  ER  Ca2+  pool  depletion,  led 
to  loss  of  mitochondrial  membrane  potential,  ATP  depletion, 
specific  and  unique  substrate  proteolysis,  DNA  fragmentation,  and 
cell  death  by  apoptosis  26 

We  previously  showed  that  apoptosis  in  human  cancer  cells 
following  p-lap  administration  was  unique,  in  that  an  -60  kDa 
cleavage  fragment  of  poly(ADP-ribose)  polymerase  (PARP),  as  well 
as  a  distinct  intracellular  proteolytic  cleavage  of  p53,  were  observed 
in  NQOl -expressing  human  breast  or  prostate  cancer  cells.20,24,26 
These  cleavage  events  were  distinct  from  those  observed  when 
caspases  were  activated  by  topoisomerase  I  poisons,  staurosporine,  or 
administration  of  Granzyme  B. 27,28  Furthermore,  p-lap-mediated 
cleavage  events  were  blocked  by  dicumarol  (an  inhibitor  of  NQOl), 
global  cysteine  protease  inhibitors,  as  well  as  both  intra-  and  extra¬ 
cellular  Ca2+  chelators.26,27  Based  on  these  data,  we  concluded  that 
p-lap  exposure  of  NQOl -expressing  breast  and  prostate  cancer  cells 
elicited  the  activation  of  a  Ca2+-dependent  protease  with  properties 
similar  to  calpain.  In  particular,  the  p53  cleavage  pattern  of 
P-lap-exposed  cells24,27  was  remarkably  similar  to  the  pattern 
observed  after  calpain  activation  in  various  cell  systems  29,30 

In  this  study,  we  show  that  p-lap  mediates  a  unique  proteolytic 
apoptotic  pathway  in  NQOl -expressing  cells  via  p-calpain  activa¬ 
tion.  Upon  activation,  p-calpain  translocates  to  the  nucleus  where  it 
can  proteolytically  cleave  PARP  and  p53.  We  provide  evidence  that 
suggests  that  p-lap-induced,  p-calpain  stimulated,  apoptosis  does  not 
involve  any  of  the  known  caspases,  including  caspase  12;  caspase  12 
has  been  linked  downstream  of  m-calpain  activation  in  some  studies.31 
Furthermore,  the  apoptotic  responses  in  NQOl -expressing  cells  to 
p-lap  can  be  significantly  delayed,  and  survival  enhanced  via  the 
exogenous  over-expression  of  calpastatin,  a  natural  calpain  inhibitor. 


MATERIALS  AND  METHODS 

Reagents.  P-Lap  (3,4-dihydro-2,  2-dimethyl-2H-naphtho  [1,2b] 
pyran-5,  6-dione)  was  synthesized  by  Dr.  William  G.  Bornmann  (Memorial 
Sloan  Kettering,  NY,  NY),  dissolved  in  DMSO  at  10  mM,  and  the  concen¬ 
tration  verified  by  spectrophotometric  analyses  as  described.19,27 
Menadione,  staurosporine,  ionomycin,  dicumarol,  bovine  serum  albumin, 
saponin,  and  the  acetyl-calpastatin  peptide  inhibitor  (CN)  were  obtained 
from  Sigma  Chemical  Co.  (St.  Louis,  MO).  PARP  cDNA  was  a  gracious  gift 
from  Dr.  Xiaodong  Wang  (University  of  Texas  Southwestern  Medical 
School,  TX)  and  was  cloned  into  pcDNA3.lHisB  (Invitrogen,  Carlsbad, 
CA).  Calpastatin  cDNA  was  cloned  into  the  mammalian  expression  vector 
pcDNAI-neo  (Invitrogen)  and  was  a  gracious  gift  from  Dr.  Marc  Piechaczyk 
(Inscitut  de  Genetique  Moleculaire,  Montpellier,  France). 

Cell  Culture.  MCF-7:WS8  (MCF-7)  human  breast  cancer  cells  were 
obtained  from  Dr.  V.  Craig  Jordan,  (Northwestern  University,  Chicago,  IL). 
NQOl -deficient  MDA-MB-468  (MDA-468)  cells  were  obtained  from  the 
American  Type  Culture  Collection  and  stably  transfected  with  the  NQOl 
cDNA  in  the  pcDNA3  constitutive  expression  vector  as  described 
(MDA-468-NQ3).24  Tissue  culture  components  were  purchased  from  Life 
Technologies,  Inc.,  unless  otherwise  stated.  Cells  were  grown  in  RPMI  1640 
cell  culture  medium  supplemented  with  10%  fetal  bovine  serum,  in  a  37°C 
humidified  incubator  with  5%  C02  and  95%  air  atmosphere  as 
described.19,27  For  all  experiments,  log-phase  MCF-7  breast  cancer  cells 
were  exposed  to  5  pM  p-lap  for  4  h  and  MDA-468-NQ3  breast  cancer  cells 
were  exposed  to  8  pM  p-lap  for  4  h.  Fresh  medium  was  then  added  and  cells 
harvested  at  various  times  post-treatment. 

Stable  Transfection.  MCF-7  cells  were  seeded  at  2.5  x  105  cells/well  in 
6-weli  plates  and  allowed  to  attach  overnight.  The  following  day,  1.0  pg  of 
plasmid  DNA  containing  human  calpastatin  cDNA  in  the  pcDNAI-Neo 
constitutive  expression  vector  was  added  to  each  well  using  Effectene,  as  per 
manufacturers  instructions  (Qiagen,  Valencia,  CA).  Cells  were  selected  for 
growth  in  250  pg/ml  Geneticin  ®  (G418,  Life  Technologies,  Inc.)  one  day 
later.  A  stable,  pooled  population  was  established  after  approximately  three 
weeks,  and  subsequent  clones  were  isolated  by  limiting  dilution  cloning,  as 
described.32 

Western  Blot  Analyses.  Whole  cell  extracts  from  DMSO  control  or 
P-lap-exposed  breast  cancer  cells  were  prepared  and  analyzed  by 
SDS-PAGE- Western  blot  analyses  as  described.19,27  Loading  equivalence 
and  transfer  efficiency  were  monitored  by  Western  blot  analyses  of  proteins 
known  not  to  be  altered  in  MCF-7  cells  following  p-lap  exposures;19 
Ponceau  S  staining  of  the  membrane  was  also  used  to  verify  loading.  Probed 
membranes  were  then  exposed  to  X-ray  film  for  an  appropriate  time  and 
developed.  Dilutions  of  1:7,000  for  a-PARP  C2-10  antibody  (Enzyme 
Systems  Products;  Livermore,  CA);  1:5000  for  the  a-PARP  H-250;  and 
1:2,000  for  a-p53  DO-1,  a-cyclin  Dl  FIDl  1,  and  a-Iamin  B  (Santa  Cruz; 
Santa  Cruz,  CA)  antibodies  were  made.  A  1:1,500  dilutions  for  a-calpain 
small  subunit  MAB3083,  a-Calpastatin  MAB3084,  a-m-calpain  AB1625, 
a-p-calpain  MAB3104  (Chemicon,  Temecula,  CA),  and  1:2,000  for 
a-actin  (Amersham  Pharmacia  Biotech,  Piscataway,  NJ)  were  used  as 
described.19,27  The  specificity  of  anti-calpain  antibodies  used  were  evaluated  by 
Western  blot  analyses;  antibodies  to  the  catalytic  subunit,  anti-m-calpain 
AB1625,  and  anti -p-calpain  MAB3104  only  recognized  one  polypeptide 
band,  and  the  m-calpain  antibody  did  not  cross-react  with  the  activated 
fragment  of  p-calpain,  nor  did  it  exhibit  an  activated  fragment  of  its  own 
(data  not  shown,  Fig.l  and  Fig.  2). 

Caspase  Activation.  Whole  cell  extracts  from  DMSO  control,  P-lap-, 
staurosporine  (STS)-,  or  topotecan  (TPT)-exposed  MDA-468-NQ3  cells 
were  prepared  and  analyzed  by  SDS-PAGE- Western  blot  analyses  for  specific 
loss  of  caspase  pro-enzyme  forms.  The  formation  of  corresponding  cleavage 
fragments,  indicative  of  active  caspase  enzymes,  was  also  examined  where 
applicable.  Cells  were  exposed  to  a  4  h  pulse  of  8.0  pM  P-lap  or  continuous 
exposures  of  1.0  pM  STS  or  10  pM  TPT  for  24  h.  Dilutions  of  1:1,500  for 
a-caspase  3  anda-caspase  7  B-94-1  (Pharmingen,  San  Diego,  CA),  1:1,500 
for  a-caspase  8  1H10E4H10  and  a-caspase  10  25C2F2  (Zymed,  San 
Fransico,  CA),  1:1,000  for  a-caspase  6  K-20  (Santa  Cruz,  Santa  Cruz,  CA), 
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Figure  1 .  p-Ca!pain  activation  in  ^-lap-mediated  apoptosis.  (A)  TUNEL 
assays  were  performed  to  monitor  DNA  fragmentation  at  times  indicated  in 
MCF-7  cells  after  a  4  h  pulse  of  5  pM  fLlap.  Results  are  graphically 
summarized  as  the  average  of  at  least  three  independent  experiments,  mean 
±  S.E.  (B)  Apoptotic  proteolysis  was  measured  in  MCF-7  cells  exposed  to  a 
4  h  pulse  of  5  pM  (Llap,  under  identical  conditions  described  in  1  A.  Whole 
cell  extracts  were  prepared  at  the  indicated  times  and  analyzed  using 
standard  Western  blotting  techniques  with  antibodies  to  PARP,  p53,  the 
small  subunit  of  caipains  (2  different  exposure  times  for  full-length  and  cleav¬ 
age  fragment),  m-calpain,  p-calpain,  calpastatin,  and  cyclin  D1 .  Shown  are 
representative  Western  blots  of  whole  cell  extracts  from  experiments 
performed  at  least  three  times. 


Table  1  0-Lap  Exposures  Did  Not  Lead  to  Caspase 

Activation  in  NQOl -Expressing  Breast  Cancer 
Ceos 

Protease  STS  TPT  p-Lap 

p-Calpain  -  -  + 

m-Ca!pain 

Caspase  3  +  + 

Caspase  6  -  + 

Caspase  7  +  + 

Caspase  8  +  + 

Caspase  9  +  + 

Caspase  10  +  + 

Caspase  12 

Western  blot  analyses  were  performed  to  assess  protease  activation  of  specific  caspases  determined  by  loss 
of  pro-enzyme  forms  with  concomitant  appearance  of  deavage  fragments  representative  of  active  enzyme 
forms.  NQOl -expressing  MDA-468-NQ3  cells  were  exposed  to  either  a  4  h  pulse  of  8  jxM  0-lap  or  to 
continuous  exposure  with  1  pM  STS  or  10  pM  TFT.  Cells  were  then  harvested  at  24  h  following  STS  or  TPT 
treatments  and  at  6, 8, 1 0, 1 2  and  24  h  after  exposure  to  0-lap.  Experiments  were  performed  at  least  twice. 

2.0  pg/ml  for  a-caspase  9  96-2-22  (Upstate  Biotechnology,  Lake  Placid, 
NY),  and  1.0  pg/ml  for  a-caspase  12  NT  (Exalpha  Biologicals,  Boston,  MA) 
were  used  as  recommended  by  the  corresponding  manufacturer. 

TUNEL  Assays.  MCF-7  and  MDA-468-NQ3  cells  were  seeded  at  1  x 
106  cells  per  10  cm2  tissue  culture  dish.  Log-phase  cells  were  then  treated  for 
4  h  with  0-lap,  as  described  above.  Medium  was  collected  from  experimental  as 
well  as  control  conditions  at  times  indicated,  and  attached  along  with  floating 
cells  were  monitored  for  apoptosis  using  TUNEL  3 '-biotinylated  DNA  end 
labeling  via  the  APO-DIRECT  kit  (Pharmingen,  San  Diego,  CA)  as 
described.24  Apoptotic  cells  were  analyzed  and  quantified  using  an  EPICS 
XL-MCL  flow  cytometer  that  contained  an  air-cooled  argon  laser  at  488 
nm,  15  mW  (Beckman  Coulter  Electronics;  Miami,  FI)  and  XL-MCL 
acquisition  software  provided  with  the  instrument. 

Calpain  Cleavage  Assay.  PARP  protein  was  translated  using  an  in  vitro 
transcription  and  translation  TNT-coupled  Reticulocyte  Lysate  system 
(Promega,  Madison,  WI)  according  to  manufacturer’s  instructions. 
35S-Methionine-labeled  protein  (1-2  pi)  was  incubated  with  either  0.05  U 
of  recombinant  human  erythrocyte  p-calpain  (Calbiochem,  San  Diego, 
CA),  20  U  of  recombinant  caspase  3  (BioMol,  Plymouth,  PA),  or  30  pg  of 
cell  lysate  from  control  or  p-lap-treated  cells,  unless  otherwise  indicated,  in 
100  pM  CaCl2.  Reactants  were  incubated  at  37°C  for  1  h.  The  reaction  mix 
was  then  treated  1:1  with  2X  SDS-loading  buffer,  boiled  for  5  min  at  90°C, 
and  proteins  separated  by  9%  SDS-PAGE.  Gels  were  fixed  and  proteins 
were  visualized  by  autoradiography.  MCF-7  or  MDA-468-NQ3  cells  were 
separately  treated  for  4  h  with  0-Iap  (indicated  above),  or  with  25  pM 
Menadione  or  continuously  with  10  pM  ionomycin.  Cells  were  harvested  at 
8  h  or  10  h,  respectively,  in  lysis  buffer  (10  mM  HEPES  pH  7.4,  5  mM 
MgCl2,  42mM  KC1  and  0.32  M  sucrose)  unless  otherwise  indicated,  and 
sonicated.  Protein  concentrations  were  determined  using  Bradford  assays 
(Bio-Rad,  Hercules,  CA)  using  a  BSA  standard  curve  as  described.33 

Colony-Forming  Assays.  Cells  were  seeded  into  60-mm  dishes  (2000 
cells/dish  in  duplicate)  and  allowed  to  attach  overnight  to  initiate  log-phase 
growth.  Cells  were  then  exposed  to  a  4  h  pulse  of  0-lap  (1.5  pM  or  3  pM) 
or  DMSO,  Medium  was  removed,  fresh  medium  was  added,  and  cells  were 
allowed  to  grow  for  seven  days.  Plates  were  then  washed  and  stained  with 
crystal  violet  in  50%  methanol.  Colonies  of  >50  normal-appearing  cells 
were  then  counted  and  data  graphed  and  analyzed  as  described.20,24 

Confocal  Microscopy.  Cells  were  plated  on  a  6-well  microscope  slide 
and  allowed  to  attach  and  reach  log-phase  growth.  MCF-7  or 
MDA-468-NQ3  cells  were  treated  for  4  h  with  25  pM  menadione,  5  pM  or 
8  pM  0-lap,  respectively,  or  continuously  with  1  pM  STS  or  3  pM  ionomycin. 
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Where  indicated,  dicumarol  (50  pM)  was  concomitantly  added  with  0-lap 
for  4  h.  MCF-7  or  MDA-468-NQ3  cells  were  fixed  at  8  h  or  10  h,  respectively, 
in  37%  formaldehyde  for  5  min.  Cells  were  left  overnight  at  4'C  in  PBS 
and  indirect  immunofluorescent  staining  performed  after  cells  were  permi- 
abilized  in  100%  methanol  for  10  min  at  -20*C.  Cells  were  incubated  in 
primary  antibody  for  2  h  at  37*C  at  dilutions  of  1:100  for  ct-p-calpain 
9A4H8D3  (Alexis  Corp.,  San  Diego,  CA),  1:75  for  a-calpastatin 
MAB3084  (Chemicon,  Temecula,  CA),  and  1:50  a-NQOl  that  was 
contained  in  medium  from  mouse  hydridoma  clone  A180;34  all  antibodies 
were  diluted  in  1%  BSA  and  0.005%  saponin  in  PBS.  Cells  were  then 
washed  twice  for  30  min  each  in  0.005%  saponin  in  PBS  and  incubated  for 
1  h  at  room  temp  in  secondary  FITC-anti-mouse  (Vector,  Burlingame,  CA) 
at  a  dilution  of  1:50  in  antibody  diluting  buffer.  Cells  were  then  washed 
twice  for  30  min  each  in  wash  buffer  and  incubated  overnight  in  fresh  wash 
buffer  at  4"C.  Slides  were  coated  with  mounting  medium  containing 
propidium  iodide  (Vector,  Burlingame,  CA)  for  5  min  and  imaged  with  a 
Bio-Rad  MRC-600  confocal  microscope  (Hercules,  CA)  equipped  with  a 
63X  N.A.  1.25  oil  immersion  plan-neofluorar  objective  at  room  temp. 
Confocal  images  were  collected  using  dual  excitation  at  488  nm  and  568 
nm  from  a  krypton/argon  laser.  The  epitope  for  the  a-p-calpain  antibody 
recognizes  amino  acids  465-520  (domain  III  of  the  catalytic  subunit)  of 
human  p-calpain;  domain  III  is  the  least  homologous  domain  between 
p-  and  m-calpain.  The  a-p-calpain  antibody  did  not  cross-react  with  m-calpain 
or  calpastatin,  nor  did  the  a-m-calpain  antibody  cross-react  with  p-calpain. 
There  was  no  change  in  m-calpain  immunoreactivity  after  drug  exposures 
(see  Results). 

RESULTS 

Exposure  of  MCF-7  Cells  to  0-Lap  Resulted  in  p-Calpain  Activation 
in  a  Temporal  Manner  Corresponding  to  Cell  Death.  Log-phase  MCF-7 
cells  were  treated  for  4  h  with  5  pM  0-lap,  at  which  time  fresh  medium  was 
added.  Cells  were  harvested  at  the  indicated  times  and  analyzed  for  substrate 
proteolysis,  p-  and  m-  calpain  activation  (via  western  blot  analyses),  and 
apoptosis.  Treatment  of  MCF-7  cells  with  0-lap  resulted  in  -25%  apoptotic 
cells  at  4-6  h  post-treatment,  -60%  apoptosis  at  8  h,  and  >90%  apoptotic 
cells  by  24  h,  as  measured  by  TUNEL  analyzes  (Fig.  1A).  TUNEL  data  was 
correlated  with  morphological  analyses  via  phase  contrast  microscopy  and 
Hoechst  staining  for  nuclear  condensation  as  described,20  indicating  that 
TUNEL  data  was  representative  of  apoptotic  cells.  Treatment  of  MCF-7 
cells  with  0-lap  also  resulted  in  PARP  and  p53  proteolysis  8  h  post-treatment, 
and  complete  loss  of  full-length  PARP  protein  by  16  h  post- treatment 
(Fig.  IB).  Proteolysis  of  the  113  kDa  full-length  PARP  protein  to  an  -60 
kDa  cleavage  fragment  was  distinct  from  that  observed  after  caspase  activation 
(e.g.,  89  and  24  kDa  fragments)  and  occurred  at  the  same  time  p53  was 
cleaved  to  a  characteristic  calpain  cleavage  fragment  of  -40  kDa  (Fig. 
IB).29,30,33  Calpain  activation  was  assessed  using  autolysis  of  the  regulatory 
(30  kDa  full-length  protein  to  an  18  kDa  fragment),  as  well  as  the  catalytic 
subunit  of  p-caipain  (80  kDa  full-length  protein  to  76  or  78  kDa 
fragments).10,30  PARP  and  p53  underwent  proteolysis  in  a  temporal 
manner  corresponding  to  autolysis  of  the  regulatory  subunit  of  calpain  and 
loss  of  full-length  p-calpain  (Fig.  IB).  Calpastatin,  an  endogenous  inhibitor 
of  calpains,  was  degraded  by  8  h  post-treatment  at  the  same  time  the  small 
subunit  of  calpain  underwent  autolysis  and  full-length  p-calpain  was  cleaved 
(Fig.  IB),  further  implicating  calpain  activation  in  0-lap-induced  apoptosis. 
Apoptotic  and  calpain  substrate  proteolysis  were  observed  at  the  same  time 
>50%  of  cells  exposed  to  0-lap  exhibited  apoptosis  (8  h),  as  determined  by 
DNA  fragmentation  measured  by  the  TUNEL  assay  (Fig.  1A).  The  other 
ubiquitously  expressed  form  of  calpain,  m-calpain,  was  not  lost  (80  kDa) 
nor  cleaved  to  a  fragment  (76  kDa)  indicative  of  activation.  These  data  indicate 
that  m-calpain  was  not  activated  in  NQO  1-expressing  cells  after  0-lap  exposures 
(Fig.  IB).  Similarly,  cyclin  Dl  levels  remained  unchanged  in  0-lap-treated 
MCF-7  cells,  as  previously  described.19  Consistent  with  previous  results, 
neither  calpain  activation  nor  cell  death  (loss  of  survival)  occurred  in 
NQO  1 -deficient  cells  following  a  4  h,  8  pM  0-lap  exposure  (data  not 
shown,  ref.  24). 
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Figure  2.  p-Calpain  activation,  but  not  caspase  activation,  during 
0-lap-mediated  apoptosis  in  NQO  1 -expressing  MDA-468-NQ3  cells.  (A) 
TUNEL  assays  were  performed  to  monitor  DNA  fragmentation  in 
MDA-468-NG3  cells  at  the  times  indicated  after  a  4  h  pulse  of  8  pM  0-lap. 
Results  are  graphically  summarized  as  the  average  of  at  three  independent 
experiments,  mean  ±  S.E.  (B)  Apoptotic  proteolysis  was  measured  in 
MDA-468-NQ3  cells  exposed  to  a  4  h  pulse  of  8  pM  0-lap.  Whole  cell 
extracts  were  prepared  at  the  indicated  times  and  analyzed  using  standard 
Western  blotting  techniques  using  antibodies  to  lamin  B,  p53,  p-calpain  and 
actin.  Shown  is  a  representative  Western  blot  of  whole  cell  extracts  from 
experiments  performed  at  least  three  times. 

p-Calpain  Activation  Occurred  Independent  of  Caspases,  in 
NQO  1 -expressing  Breast  Cancer  Cells  After  0-Lap  Exposure.  Caspase 
activation  was  assessed,  as  previously  described,  using  SDS-PAGE  western 
immunoblot  analyses  via  the  formation  of  the  active  fragment  from  the 
full-length  pro-enzyme  (Table  l).36  Since  MCF-7  cells  lack  caspase  3,  caspase 
3-containing  MDA-468  cells  transfected  with  NQOl  (MDA-468-NQ23) 
to  sensitize  them  to  0-lap  were  used,  as  described.2'1,27  A  nominal  level  of 
apoptosis  (-15%)  was  observed  6  h  after  exposure  to  8  pM  0-lap  (for  4  h), 
increasing  to  -38%  by  8  h,  and  -65%  by  10  h  (Fig.  2A).  By  24  h,  >80% 
apoptotic  cells  were  noted  (Fig.  2A).  Furthermore,  MDA-468-NQ3  cells 
elicited  the  same  apoptotic  proteolysis  as  MCF-7  cells,  but  at  a  later  time; 
10  h  vs.  8  h  in  MCF-7  cells  (Fig.  2B  and  Fig.  IB,  respectively  and  data  not 
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shown).  Lamin  B  and  p53  cleavages  were  observed  10  h  after  (3-lap  treat¬ 
ment  (Fig.  2B).  Autolysis  (i.e.,  activation)  of  p-calpain  corresponded  in  a 
temporal  fashion  to  proteolysis  (Fig.  2B),  as  well  as  to  the  level  of  apoptosis: 
at  10  h  >  60%  of  the  cells  were  apoptotic  when  p-calpain  activation  and 
substrate  proteolysis  were  observed  (Fig.  2A).  It  was  interesting  to  note  in 
Figure  2B,  that  Lamin  B  and  p53  proteolysis  occurred  concurrent  with 
p-calpain  activation,  further  suggesting  that  the  apoptotic  proteolysis 
observed  in  cells  after  exposure  to  (3-lap  was  indeed  due  to  p-calpain  activa¬ 
tion;  Lamin  B  and  p53  proteolysis  were  diminished  concurrently  with 
decreased  p-calpain  activation  at  12  h.  The  inactivation  of  p-calpain  at  12  h 
was  not  observed  in  all  experiments,  but  the  absence  of  proteolytic  cleavages 
at  12  h  in  this  experiment  further  supports  the  role  of  calpain  in  substrate 
cleavages  in  these  cells  in  response  to  (3-lap. 

We  then  examined  activation  of  known  apoptotic  caspases  in 
MDA-468-NQ3  cells  8-24  h  following  a  4  h  pulse  of  8  pM  {3-lap.  Known 
apoptotic-inducing  agents,  topotecan  (TPT)  and  staurosporine  (STS),  were 
used  as  positive  controls  for  caspase  activation.  None  of  the  caspases  exam¬ 
ined  (3,  6,  7,  8,  9,  10,  and  12),  nor  m-calpain,  were  activated  in 
MDA-468-NQ3  cells  following  (3-lap  treatment  (Table  1).  In  contrast, 
p-calpain  was  cleaved  to  its  active  form  following  (3-lap  exposures  (Fig.  2B 
and  Table  1).  Additionally,  the  proteolytic  events  (Lamin  B,  PARP  and  p53 
cleavage  events)  observed  after  [3-lap  treatment  were  not  blocked  by 
pan-caspase  peptide  inhibitors,  zVAD,  DEVD,  or  YVAD  (Ref.  20,27  and 
data  not  shown).  Thus,  p-calpain,  but  not  caspase,  activation  was  the 
predominant  event  in  NQOl- expressing  breast  cancer  cells  after  (3-Iap 
treatment.  ^ 

Purified  p-Calpain  Elicited  the  Same  PARP  Cleavage  Fragment 
Observed  in  NQOl -Expressing  Breast  Cancer  Cells  Exposed  to  (3-Lap.  It 
was  previously  reported  that  p-calpain  could  cleave  PARP  yielding  an  "40 
kDa  fragment  in  vivo  in  SH-SY5Y  human  neuroblastoma  cells  during 
mai  to  toxin-induced  necrosis,37  or  when  using  purified  p-calpain  isolated 
from  calf  thymus  yielding  "42  kDa,  55  kDa  and  67  kDa  cleavage 
fragments.38  However,  the  proteolysis  of  PARP  was  not  reported  to  be 
accompanied  by  p53  cleavage  nor  apoptosis,  nor  was  it  identical  to  proteolysis 
observed  in  NQOl-expressing  cells  after  (3-lap  exposure  ("60  kDa).27  To 
directly  observe  (3-lap-mediated  activated  p-calpain  activity  from  treated 
cells  using  PARP  as  a  substrate,  35S-methionine-labeled  PARP  was  generated 
by  coupled  in  vitro  transcription  and  translation  of  full-length  human  PARP 
cDNA,  and  then  incubated  with  various  cell  extracts  or  purified  enzymes. 
Using  this  in  vitro  cleavage  assay,  we  examined  whether  purified  p-calpain 
could  cleave  in  vitro  transcribed/ translated  35S-met-PARP  to  similar 
polypeptide  fragments  as  observed  in  NQOl-expressing  breast  cancer  cells 
exposed  to  (3-lap.  Log-phase  MCF-7  or  MDA-468-NQ3  cells  were  treated 
with  (3-lap  for  4  h  and  harvested  at  8  or  10  h,  respectively  (corresponding  to 
Western  blot  analyses  of  p-calpain  activation  and  proteolysis  after  exposure 
to  (3-lap,  Fig.  IB  and  Fig.  2B),  to  assess  enzymatic  activity  using 
35S-met-PARP.  Cell  extracts  or  purified  enzyme  (p-calpain  or  caspase  3, 
used  as  controls)  were  incubated  with  35S-met-PARP  for  1  h  at  37* C. 
Caspase  3  cleaved  PARP  to  the  expected  89  and  24  kDa  fragments  (Figs. 
3A-3B,  lane  2  and  data  not  shown).  Purified  p-calpain  cleaved  PARP  to 
"60  kDa  and  "50  kDa  fragments  (Figs.  3A-3B,  lane  3  and  data  not  shown). 
The  PARP  cleavage  fragment  observed  after  (3-lap-treated  cell  extracts  were 
incubated  with  35S-met-PARP  was  the  same  as  that  elicited  by  recombinant 
p-calpain  (Figs  3A,  lanes  3  and  6-8,  1 1-12  and  Fig.  3B,  lanes  3  and  4—7 
and  11).  This  was  most  apparent  when  35S-met  PARP  substrate  was  cleaved 
by  purified  p-calpain  and  analyzed  with  (3 -lap -treated  cell  extracts  on  the 
same  gel  (Fig.  3B  lanes  3-7).  (3-Lap -treated  cell  extracts  cleaved  PARP  in  a 
protein  concentration-dependent  manner  (Fig.  3A  lanes  5-8  and  Fig.  3B 
lanes  4—7);  increasing  concentrations  of  protein  extract  were  added  to  the 
same  amount  of  35S-met  PARP  substrate  to  observe  the  activity  of  the 
extract.  ^-Lap-treated  cell  extracts  also  cleaved  PARP  in  a  time-dependent 
manner  (Fig.  3A  lanes  10-12  and  Fig.  3B  lanes  9-11)  corresponding  to 
Western  blot  analyses  (Fig.  IB  and  Fig.  2B),  further  implicating  p-calpain 
activation  in  (3 -lap-induced  apoptosis.  DMSO-treated  cell  extracts  did  not 
exhibit  any  cleavage  of  PARP  in  this  assay  (Fig.  3A  lane  4  and  Fig.  3B  lane 
8).  Proteolytic  activity  in  cell  extracts  (control  or  (3-lap-treated  conditions) 


could  not  be  stimulated  by  addition  of  100  pM  Ca2+  alone,  suggesting  that 
the  enzymatic  activity  was  inherent  to  the  (3-lap-treated  extract  upon  harvest 
(data  not  shown). 

To  further  support  the  role  of  p-calpain  in  (3-lap-induced  apoptosis, 
menadione-treated  cells,  the  only  other  known  agent  to  stimulate  a  similar 
cell  death  pathway  as  (3-lap,24,26  were  also  examined.  In  contrast  to  extracts 
from  untreated  cells,  extracts  from  menadione-exposed  cells  elicited  cleavage 
of  35S-met-PARP  resulting  in  fragments  similar  to  those  generated  by  puri¬ 
fied  p-calpain  or  (3-lap-treated  cell  extracts  ("60  kDa)  (Fig.  3A,  lanes  3,  6-8 
and  11-13  and  Fig.  3B,  lanes  3,  4-7,  and  11-12).  Ionomycin  is  a  calcium 
ionophore  reported  to  activate  p-calpain.5,39,40  Ionomycin -treated 
MDA-468-NQ3  cell  extracts  also  elicited  the  same  PARP  cleavage  pattern 
(Fig.  3B,  lanes  13-14),  as  did  pure  p-calpain,  menadione,  and  (3-lap-exposed 
cell  extracts  (Fig.  3B,  lanes  3,  12,  and  4—7  and  11).  Interestingly,  ionomycin 
did  not  elicit  PARP  cleavage  in  MCF-7  cells  (Fig.  3A,  lane  14), 

Calpastatin,  A  Modulator  of  p- Lap-Mediated  Apoptosis  Involving 
Calpain  Activation.  We  noted  that  MDA-468-NQ3  cells  expressed  higher 
levels  of  endogenous  calpastatin  than  MCF-7  cells  (Fig.  4B).  We  hypothe¬ 
sized  that  levels  of  this  endogenous  calpain  inhibitor  may  explain  the  slower 
responses  of  MDA-468-NQ3  cells  (in  terms  of  substrate  proteolysis  and 
apoptosis)  compared  to  MCF-7  cells  that  contained  far  less  calpastatin  (10 
h  vs.  8  hr,  Fig.  1,  Fig.  2  and  data  not  shown).  In  addition,  the  aforemen¬ 
tioned  data  suggested  a  correlation  between  PARP  and  p53  cleavage  with 
p-calpain  activation.  To  further  investigate  whether  calpain  was  indeed 
involved  in  apoptotic  substrate  proteolysis  after  (3-Iap-exposure,  we  examined 
the  effects  of  a  calpastatin  peptide  containing  the  inhibitory  sequence  of 
calpastatin,  as  well  as  stable  overexpression  of  calpastatin  in  MCF-7  cells. 
Calpastatin  is  a  specific  endogenous  inhibitor  of  calpains,  and  does  not 
inhibit  other  proteases  (e.g.,  cathepsins,  caspases).41,42  A  calpastatin  peptide 
containing  the  domain  sequence  of  the  calpastatin  protein  that  can  inhibit 
1  mole  of  calpain  per  domain  sequence  was  used  (Fig.  4A);  calpastatin 
contains  four  inhibitory  domains  and  thus  is  able  to  inhibit  4  moles  of 
calpain  per  mole  of  calpastatin  (Fig.  4A). 15,43,44  In  the  in  vitro  cleavage 
assay,  the  calpastatin  peptide  inhibitor  (CN)  blocked  purified 
p-calpain-mediated  35S-met-PARP  cleavage,  but  not  caspase  3-mediated 
35S-met-PARP  cleavage  (Fig.  4A,  lanes  2-5).  The  CN  peptide  alone  did  not 
have  any  affect  on  the  integrity  of  the  35S-met  PARP  substrate  (data  not 
shown).  DMSO-treated  cell  extracts  also  did  not  exhibit  any  PARP  cleavage 
activity  (Fig.  4A  lane  6).  Cell  extracts  generated  from  MCF-7  cells  treated 
with  a  4  h  pulse  of  5  pM  (3-Iap  and  extracted  4  h  post-treatment  elicited 
PARP  cleavage  activity  yielding  an  "60  kDa  fragment  (Fig.  4A,  lane  7).  In 
contrast,  (3-Iap-exposed  MCF-7  cell  extracts  co-incubated  with  increasing 
concentrations  of  the  CN  peptide,  exhibited  a  decreased  amount  of  the 
PARP  cleavage  fragment  in  a  concentration-dependent  manner  (0-25  pM 
CN  peptide)  (Fig,  4A  lanes  8-10)  compared  to  (3-lap-exposed  cell  extracts 
containing  no  peptide  treatment  (lane  7).  Thus,  35S-met-PARP  cleavage, 
mediated  by  (3-lap  treated  cell  extracts,  was  inhibited  in  a 
concentration-dependent  manner  by  the  calpastatin  inhibitory  peptide  (Fig. 
4A,  lanes  8-10).  Furthermore,  in  Western  blot  analyses  8  h  after  (3-lap  exposure, 
the  calpastatin  peptide  inhibitor  slightly  diminished  PARP  cleavage  and  loss 
of  the  small  subunit  of  calpain  in  a  dose-dependent  manner.  Interestingly, 
the  peptide  had  a  greater  effect  on  the  enzymatic  activity  in 
menadione-treated  cells  (data  not  shown). 

To  further  support  the  role  of  p-calpain  activation  in  (3-Iap-induced 
apoptosis,  MCF-7  cells  were  transfected  with  calpastatin  and  clones  selected 
by  limiting  dilution  cloning  (Fig.  4B-4E).  Two  clones  with  varying  levels  of 
calpastatin,  MCF-7  CN  1  (CNl)  and  MCF-7  CN2  (CN2),  were  selected  for 
subsequent  analyses.  The  two  MCF-7  calpastatin  clones  selected  expressed 
intermediate  levels  of  calpastatin,  compared  to  MCF-7  or  MDA-468-NQ3 
cells  (Fig.  4B).  CNl  cells  expressed  higher  levels  of  calpastatin  than  MCF-7 
or  CN2  cells,  but  less  than  MDA-468-NQ3  cells  (Fig.  4B).  CN2  cells 
expressed  a  much  lower  level  of  calpastatin  than  CNl,  but  a  higher  level 
than  MCF-7  cells  (Fig.  4B).  The  molecular  weight  difference  between 
endogenous  and  exogenous  calpastatin  in  the  MCF-7  clones  compared  to 
MCF-7  parental  cells  is  presumably  due  to  the  lack  of  exon  1  in  exogenous 
calpastatin  (sequence  analysis).  Exon  1  encodes  part  of  domain  L  of  calpastatin; 
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Figure  3.  Purified  n-calpain  cleaved  PARP  to  the  same  fragment  size  as  did  NQO 1 -expressing  breast  cancer  cells  exposed  to  p-lap.  PARP  protein  was  translated 
using  an  in  vitro  transcription  and  translation  TNT-coupled  Reticulocyte  lysate  system.  35$-methionine-labeled  protein  was  incubated  with  100  pM  CaCl2, 
and  either  0.05  U  of  recombinant  human  erythrocyte  p-calpain,  20  U  of  recombinant  caspase  3,  or  30  pg  of  cell  lysate,  unless  otherwise  indicated.  The 
reaction  mix  was  incubated  at  37*C  for  1  h.  (A)  MCF-7  cells  were  treated  for  4  h  with  5  pM  (5-lap  or  25  pM  menadione  or  continuously  with  10  pM 
ionomycin,  and  harvested  at  8  h,  unless  otherwise  indicated.  Lanes  5-8  are  increasing  protein  concentrations  of  0-lap-treated  cell  extracts  incubated  with 
labeled  PARP  protein  and  lanes  9-12  are  DMSO  control  or  time-course  analyses  of  0-lap-treated  cell  extracts,  respectively,  incubated  with  labeled  PARP 
protein.  (B)  MDA-468-NQ3  cells  were  treated  for  4  h  with  8  pM  0-!ap  or  25  pM  menadione  or  continuously  with  10  pM  ionomycin,  and  harvested  at  10 
h  post-treatment,  unless  otherwise  indicated.  Sample  proteins  were  separated  on  a  9%  SDS-PAGE  gel  and  35$-met-PARP  was  visualized  via  autoradiography.  Lanes 
4-7  are  increasing  protein  concentrations  of  f}-! a p- treated  cell  extracts  incubated  with  labeled  PARP  protein  and  lanes  8-1 1  are  DMSO  control  or  time-course 
analyses  of  0-lap-treated  cell  extracts,  respectively,  incubated  with  labeled  PARP  protein.  Shown  is  a  representative  exposure  of  whole  cell  extracts  from 
experiments  performed  at  least  three  times. 

the  function  of  domain  L  remains  unknown  and  alternative  first  exons  have  To  examine  proteolysis  during  0-lap-mediated  cell  death  in  CNl  and 

been  shown  to  lead  to  four  calpastatin  isoforms  with  distinct  amino-terminal  CN2  cell  clones,  cells  were  harvested  at  the  indicated  times  for  Western  blot 

sequences  resulting  in  protein  sizes  ranging  from  60—120  kDa  via  western  and  apoptosis  analyses.  MCF-7  cells  expressed  low  levels  of  calpastatin  and 

blot  analyses.45  It  is  important  to  note  that  endogenous  calpastatin  was  not  exhibited  -50%  apoptosis  at  8  h,  increasing  to  >90%  cells  staining TUNEL 

detected  at  the  higher  molecular  weight  in  these  clones  (Fig.  4B).  positive  at  24  h.  In  contrast,  0-lap-treated  CNl  and  CN2  cells  that 

Calpastatin  contains  four  repetitive  and  homologous  domains  (not  encoded  possessed  higher  levels  of  calpastatin  exhibited  less  apoptosis  than  MCF-7 

by  exon  1)  that  each  inhibit  both  m-  and  p-calpain;  each  domain  is  a  func-  cells  at  8,  10  and  12  h  after  5  pM  0-lap  exposures  (Fig.  4D).  At  24  h,  no 

tioning  unit  of  calpastatin  and  can  bind  one  calpain  molecule  and  inhibit  its  difference  was  observed  between  the  cell  lines,  indicating  that  the  inhibitory 

activity. 15,43,44  Other  inhibitors  have  been  used  to  inhibit  calpain  activity,  affects  of  calpastatin  could  be  overcome  with  time  following  a  4  h,  5  pM 

however,  these  inhibitors  are  less  useful  due  to  their  poor  solubilities,  intra-  0-Iap  exposure  (Fig.  4D),  and  corresponding  to  cell  survival  data  at  3  pM 

cellular  uptake,  and  non-specific  ability  to  inhibit  other  proteases  and/or  the  (Fig.  4C). 

proteosome  (e.g.,  cathepsins  B  and  L,  papains,  etc.).46-49  Specific  proteolytic  events  in  cells  with  varied  calpastatin  levels  were  then 

Log-phase  MCF-7,  MDA-468-NQ3,  CNl  and  CN2  cells  were  treated  examined  following  0-lap  exposure.  0-Lap-exposed  MCF-7  cells  expressed 

for  4  h  with  1.5  pM  or  3  pM  0-lap,  at  which  time  fresh  medium  was  added.  low  levels  of  calpastatin  and  exhibited  apoptotic-substrate  proteolysis,  specif- 

Clonogenic  survival  was  determined  seven  days  later.  At  1.5  pM  0-lap,  ically  PARP  cleavage  to  a  distinct  -60  kDa  fragment  at  8  h,  with  complete  loss 

increasing  survival  after  (5-lap  exposure  correlated  with  the  level  of  calpas-  of  full-length  protein  by  16  h  (Fig.  IB).  In  contrast,  (5-lap-treated 

tatin  expressed  in  each  cell  line;  MCF-7  cells  (low  calpastatin)  exhibited  MDA-468-NQ3  cells  that  possessed  higher  levels  of  calpastatin,  exhibited 
^30%  survival,  CN2  cells  (intermediate  calpastatin)  exhibited  -60%  survival,  apoptotic-substrate  proteolysis  at  10  h  (Fig  2B).  Loss  of  PARP  protein  also 

and  CN I  cells  (high  calpastatin)  exhibited  -100%  survival  (Fig.  4C).  At  3  corresponded  with  cleavage  of  both  the  small  subunit  of  calpains  and  p-calpain 

pM  0-lap,  no  difference  in  survival  was  observed  indicating  that  the  (Fig.  IB  and  2B  and  data  not  shown),  indicative  of  calpain  activation.10,30 

inhibitory  affects  of  calpastatin  could  be  overcome  with  higher  drug  In  MCF-7  clones  stably  expressing  calpastatin,  0-lap-induced  apoptosis  and 

concentrations  (Fig.  4C);  binding  of  calpains  to  calpastatin  is  reversible  and  calpastatin  levels  were  inversely  correlated  (Fig.  4D  and  Fig.  4E).  CN2  cells 

does  not  result  in  any  lingering  loss  of  calpain  activity.50  expressed  low  levels  of  calpastatin  and  exhibited  a  similar  time-course  of 
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Figure  4.  Calpastatin  inhibits  or  delays  substrate  proteolysis,  apoptosis  and  survival  after  exposure  to  p-lap.  (A)  A  diagram  of  calpastatin  protein  structure 
and  the  location  of  the  inhibitory  peptide  sequence.  ^Smethionine-labeled  protein  was  incubated  with  0.05  U  recombinant  p-calpain,  20  U  recombinant 
caspase  3/  or  30  ng  cell  lysate.  MCF-7  cells  were  treated  for  4  h  with  5  pM  p-lap  and  where  indicated,  with  a  calpastatin  peptide  inhibitor  (CN),  and 
harvested  at  8  h.  Purified  caspase  3  and  p-calpain  were  incubated  with  25  pM  CN.  Samples  were  run  on  a  9%  SDS-PAGE  gel  and  ^S-met-PARP  was  visu¬ 
alized  via  autoradiography.  Shown  is  a  representative  blot  from  experiments  performed  at  least  twice.  (B)  Whole  cell  extracts  were  collected  and  Western 
blot  analyses  performed  using  a  calpastatin  primary  antibody  to  determine  relative  calpastatin  levels  in  MCF-7,  MDA-468-NQ3,  and  MCF-7  cells  stably 
expressing  calpastatin.  (C)  Cells  were  seeded  into  60-mm  dishes  (2000  cells/dish  in  duplicate)  and  allowed  to  attach  overnight.  Cells  were  then  exposed 
to  a  4  h  pulse  of  p-lap.  Medium  was  removed,  fresh  medium  was  added,  and  cells  were  allowed  to  grow  for  7  days.  Plates  were  then  washed  and  stained 
with  crystal  violet  in  50%  methanol.  Colonies  of  >50  normal-appearing  cells  were  then  counted.  Results  were  graphically  summarized  as  the  average  of 
two  independent  experiments  performed  in  duplicate,  mean  ±  S.E.  Student's  t  test  for  paired  samples,  experimental  group  compared  to  MCF-7  cells  treated  with 
p-!ap  were  indicated  (*,  p<0.01).  (D)  At  times  indicated,  TUNEL  assays  were  performed  to  monitor  apoptotic  DNA  fragmentation  in  cells  after  a  4  h  pulse 
of  5  pM  p-lap.  Results  were  graphically  summarized  as  the  average  of  two  independent  experiments,  mean  ±  S.E.  Student's  t  test  for  paired  samples,  exper¬ 
imental  group  compared  to  MCF-7  cells  treated  with  p-lap  were  indicated  (*,  p<0.1  and  **,  p<0.05).  (E)  Apoptotic  proteolysis  was  measured  in  the  various  cell 
lines  exposed  to  a  4  h  pulse  of  5  pM  p-lap.  Whole  cell  extracts  were  prepared  at  the  indicated  times  and  analyzed  using  standard  Western  blotting 
techniques  with  antibodies  to  PARP  and  the  small  subunit  of  calpains.  Shown  is  a  representative  Western  blot  of  whole  cell  extracts  from  experiments 
performed  at  least  three  times  with  Ponseau  $  staining  of  the  membrane  for  protein  loading. 


PARP  and  small  subunit  of  calpain  proteolysis  at  8  h,  to  that  observed  in 
MCF-7  cells  (Fig.  4E).  In  contrast,  CNl  cells  that  expressed  high  levels  of 
calpastatin  showed  a  more  delayed  time-course  of  proteolysis  following 


P-lap  exposure  similar  to  that  of  MDA-468-NQ3  cells;  PARP  cleavage 
occurred  at  10-12  h  (Fig.  4E).  Furthermore,  the  small  subunit  of  calpain 
was  lost  much  earlier  in  CN  1  cells  than  in  MDA-468-NQ3  cells,  but  later 
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Figure  5.  p-Calpain  translocated  to  the  nucleus  after  exposure  to  p-lap.  (A)  MCF-7  cells  were  treated  for  4  h  with  5  pM  p-lap  and  cells  were  fixed  at  the 
indicated  times  for  analyses.  Indirect  immunofluorescent  staining  of  fixed  cells  was  performed  using  a  primary  antibody  for  p-calpain  and  secondary 
FITC-anti-mouse  antibody  (green).  Slides  were  coated  with  mounting  medium  containing  propidium  iodide  for  DNA/nuclear  staining  (red)  and  analyzed. 
Confocal  images  were  collected  using  dual  excitation  at  488  nm  and  568  nm  from  a  krypton/argon  laser.  Nuclear  translocation  was  indicted  by  yellow 
fluorescence  from  the  merging  of  red  DNA/nuclear  staining  and  green  protein  staining.  (B)  MCF-7  cells  were  treated  for  4  h  with  5  pM  p4ap  concomitantly 
with  dicumarol  (50  pM),  4  h  with  25  pM  menadione  or  continuously  with  3  pM  ionomycin  or  1  pM  STS,  respectively.  MCF-7  cells  were  fixed  at  8  h  for 
analyses.  Cells  were  stained  as  described  in  (A).  (C)  MCF-7  cells  were  treated  for  4  h  with  5  pM  p-lap  and  fixed  at  8  h  for  analyses.  Indirect  immunofluo¬ 
rescent  staining  of  fixed  cells  was  performed  using  a  primary  antibody  for  NQOl  with  secondary  FITC-anti-mouse  antibody  (green).  Slides  were  coated 
with  mounting  medium  containing  propidium  iodide  for  DNA/nuclear  staining  (red)  and  analyzed.  (D)  MDA-468-NQ3  cells  were  treated  for  4  h  with  8  pM 
p-lap,  25  pM  menadione,  or  continuously  with  3  pM  ionomycin  or  1  pM  STS,  respectively.  Dicumarol  (50  pM)  was  added  concomitantly  with  p-lap  for  4  h 
where  indicated.  MDA-468-NQ3  cells  were  fixed  at  1 0  h  for  analyses,  unless  otherwise  indicated.  Indirect  immunofluorescent  staining  of  fixed  cells  was 
performed  as  described  in  (A).  All  images  were  taken  at  magnification  of  63X,  except  (C)  where  they  were  taken  at  100X.  The  image  width  is  indicated 
in  all  images  in  (A),  scale  bar  «  50  pm. 


than  MCF-7  or  CN2  cells  (Fig.  4E,  Fig.  IB,  Fig.  2B  and  data  not  shown).  of  NQOl -expressing  cells  to  P-lap-induced,  p-calpain-mediated  apoptosis 
These  data  strongly  suggest  that  calpastadn  levels  can  influence  the  responses  and  survival. 
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Cal  pain  Translocated  to  the  Nucleus  in  NQOl -Expressing  Breast 
Cancer  Cells  After  (TLap  Exposure-  PARP  and  p53  are  nuclear  proteins 
and  p-calpain  is  reported  to  primarily  reside  in  the  cytoplasm.9,51  Confocal 
microscopic  analyses  were  performed  to  examine  p-calpain  localization  after 
p-lap  treatment.  Log-phase  MCF-7  or  MDA-468-NQ3  cells  were  treated 
for  4  h  with  p-lap  (5  pM  or  8  pM,  respectively)  and  fixed  for  indirect 
immunofluorescent  staining  at  8  h  or  10  h,  unless  otherwise  indicated.  Cells 
were  stained  with  a  primary  antibody  specific  for  p-calpain  and  a  FITC- 
conjugated  secondary  antibody  (green).  Slides  were  then  mounted  in  medium 
containing  propidium  iodide  for  DNA/nuclear  staining  (red).  Cells  exhibited 
p-calpain  translocation  to  the  nucleus  (Fig.  5A;  p-calpain  staining  is  green, 
DNA  is  red,  and  nuclear  translocation  of  p-calpain  is  indicated  by  yellow 
fluorescence)  at  a  time  concomitant  with  p-calpain  activation  after  P-lap 
treatment  (Figs.  IB  and  Fig.  2B).  In  MCF-7  cells,  p-calpain  exhibited 
minimal  nuclear  translocation  at  4  h  increasing  to  almost  100%  by  8  h, 
consistent  with  substrate  proteolysis  in  Fig.lB  (Fig.  5A).  In 
MDA-468-NQ3  cells,  p-calpain  did  not  exhibit  nuclear  translocation  until 
10  h,  corresponding  to  substrate  proteolysis  in  these  cells  (Figs.  5D  and  Fig. 
2B).  In  addition,  translocation  of  p-calpain  to  the  nucleus  was  concomitant 
with  overall  loss  of  calpastatin  immunofluorescence  and  protein  expression, 
as  determined  by  Western  blot  analyses,  after  exposure  to  p-lap  (Fig.  1  and 
data  not  shown).  Translocation  of  p-calpain  was  NQO  1-dependent,  since  it 
was  prevented  by  coadministration  of  50  pM  dicumarol  (Fig.  5B  and  Fig.  5D), 
and  did  not  occur  in  cells  that  lacked  NQOl  enzymatic  activity  (i.e.,  in 
MDA-468  cells  not  transfected  with  NQOl  sequence  (vector  alone,  data 
not  shown)). 

Translocation  of  p-calpain  to  the  nucleus  in  NQOl -expressing, 
p-lap-treated  cells,  was  a  specific  event  that  did  not  occur  due  to  nuclear 
membrane  breakdown.  Proteins  residing  in  the  cytoplasm  (NQOl)  did  not 
translocate  to  the  nucleus,  and  proteins  that  reside  in  the  nucleus 
(Ku70/Ku80)  did  not  diffuse  out  into  the  cytoplasm  at  the  times  p-calpain 
was  observed  to  translocate  to  the  nucleus  (Fig.  5C  and  data  not  shown); 
Ku70/Ku80  is  a  heterodimeric  nuclear  protein  required  for  non-homologous 
DNA  double  strand  break  repair  52  Also,  consistent  with  Western  blot  analyses 
in  Figure  1,  m-calpain  immunoreactivity  did  not  change  after  exposure  of 
NQOl -expressing  breast  cancer  cells  to  P-lap  (data  not  shown), 
further  implicating  p-calpain  activation  specifically  in  P-lap-induced 
apoptosis. 

Other  agents  (e.g.,  menadione)  that  cause  the  same  cell  death  pathway 
as  p-lap  also  induced  p-calpain  translocation  to  the  nucleus  at  times 
concomitant  with  PARP  and  p53  proteolysis,  while  agents  that  elicit 
caspase-mediated  cell  death  (e.g.,  staurosporine)  did  not  elicit  changes  in 
p-calpain  localization  (Fig.  5B  and  Fig.  5D).  Ionomycin,  a  Ca2+  ionophore, 
activated  calpain  in  some  cells. 5,39,40  Consistent  with  these  data,  p-calpain 
translocated  to  nuclei  after  treatment  with  ionomycin  in  MCF-7  and 
MDA-468-NQ3  cells  (Fig.  5B  and  Fig.  5D).  Translocation  of  p-calpain 
after  ionomycin  was  more  prominent  in  MDA-468-NQ3  cells  than  in 
MCF-7  cells,  corresponding  to  the  ability  of  each  cell  line  to  elicit  PARP 
(Fig.  3A  and  Fig.  3B,  lane  14)  or  p53  (not  shown)  cleavage.  Menadione 
elicited  a  similar  cell  death  pathway  as  did  (5-lap,  and  in  a  similar  manner  to 
(5-lap-exposed  cells.  For  example,  menadione-treated  cells  caused  translocation 
of  p-calpain  to  the  nucleus  at  times  concomitant  with  PARP  and  p53 
substrate  proteolysis  (Fig.  3  and  ref.  24).  In  contrast  to  (5 -lap  exposures, 
there  was  no  observed  change  in  p-calpain  localization  in  staurosporine 
(STS)-exposed  MCF-7  or  MDA-468-NQ3  cells  (Fig.  5B  and  Fig.  50);  STS 
is  a  protein  kinase  inhibitor53  that  initiates  apoptosis  via  a  caspase-mediated 
pathway.54  Collectively,  these  data  implicate  p-calpain  activation  in 
(5-lap-mediated  apoptosis  and  p-calpain  translocation  to  the  nucleus  upon 
its  activation.  These  data  are  consistent  with  the  essential  role  of  Ca2+  release 
in  (5-lap-induced  apoptosis  as  previously  demonstrated.26,27 


DISCUSSION 

We  previously  demonstrated  that  treatment  of  NQOl -expressing 
breast  cancer  cells  with  |5-lap  exposure  caused  increases  in  intracellular 
Ca2+  levels  that  were  critical  for  apoptosis  and  cell  death.26  Calpain 
is  a  Ca2+-activated  protease  implicated  in  a  number  of  apoptotic 
pathways.5,6,49,55,56  Our  results  indicate  that  p-calpain  is  activated 
after  p-lap-induced  apoptosis  by  cleavage  of  the  catalytic  subunit,  as 
well  as  the  regulatory  subunit  of  calpains,  to  fragment  sizes  indicative 
of  calpain  activation  (Fig.  1  and  Fig.  2).  Purified  p-calpain  was  also 
able  to  cleave  in  vitro  35S-met-PARP  to  the  same  fragment  size  as 
observed  in  P-lap- treated  MCF-7  or  MDA-468-NQ3  cell  extracts 
(Fig.  3).  Furthermore,  extracts  from  P-lap-treated  MCF-7  cells  were 
also  able  to  cleave  35S-met  PARP  to  the  same  cleavage  fragments  as 
observed  with  PARP  substrate  incubated  with  purified  calf  thymus 
p-calpain.  Finally,  cleavage  of  p53  in  p-lap-exposed  cells  to  fragments 
indicative  of  p-calpain  activation  further  suggests  p-calpain  activation 
in  these  cells.29,30 

We  used  calpastatin,  the  specific  endogenous  inhibitor  of 
calpains,  to  assay  calpains  role  in  p-lap-mediated  apoptosis.  Since 
many  calpain  inhibitors  can  also  inhibit  the  proteosome,  cathepsins, 
other  cysteine  proteases,  or  inhibit  entirely  different  enzymes  (for 
example,  a  protein  tyrosine  phosphatase),57,58  the  use  of  exogenous 
calpastatin  expression  to  delay/inhibit  p-lap-mediated  apoptosis  has 
significant  advantages  over  the  exclusive  use  of  inhibitors.  A  peptide 
comprised  of  the  inhibitory  domain  of  calpastatin  was  able  to  block 
purified  p-calpain-mediated  PARP  cleavage,  as  well  as  the  ability  of 
P-lap-treated  cell  extracts  to  cleave  PARP  both  in  vitro  and  in  vivo 
(Fig.  4  and  data  not  shown).  Furthermore,  stable  over-expression  of 
the  calpastatin  protein  in  MCF-7  cells,  which  possess  low  levels  of 
calpastatin  compared  to  MDA-MB-468  cells,  delayed  p-lap-mediated 
apoptotic  events  and  protected  against  cell  death  at  1.5  |xM  p-lap  in 
clonogenic  assays  (Fig.  4C). 

Calpain  has  two  distinct  sites  for  association  with  calpastatin,  one 
at  the  active  site  and  another  at  the  EF-hand  domain;10  it  is  believed 
that  calpain  interacts  with  substrates  through  these  two  sites. 
Binding  of  calpains  to  calpastatin  is  reversible  and  does  not  result  in 
irreversible  loss  of  calpain  activity.50  Therefore,  the  ability  of  calpain 
activation  to  overcome  the  inhibitory  effects  of  calpastatin  was  not 
surprising.  The  delay  of  calpain  activation  observed  in  cells 
over-expressing  calpastatin  after  p-lap  exposure  could  be  due  to  the 
dissociation  of  calpastatin,  or  the  eventual  degradation  of  calpastatin 
by  initial  minimal  calpain  activation,  thus  explaining  the  rather 
moderate  survival  and  apoptotic  inhibition  caused  by  this  exogenous 
natural  inhibitor.  The  degradation  of  calpastatin  after  calpain  activation 
is  supported  by  the  loss  of  calpastatin  protein  observed  in  Western 
blot  as  well  as  confocal  analyses  (Fig.  IB  and  data  not  shown).  It  is 
also  possible  that  calpastatin  has  a  lower  affinity  for  calpain  than 
calpain  substrates.  These  data  suggest  a  role  for  calpain  in  the  effector 
phase  of  the  apoptotic  pathway  induced  by  p-lap. 

The  role  of  calpains  in  apoptosis  has  been  widely  discussed,  but 
their  patterns  of  activation  are  not  well  characterized.5'7  Thus, 
elucidation  of  calpain  activation  after  exposure  of  NQOl -expressing 
breast  cancer  cells  to  P-lap,  and  the  potential  role  of  caspases  in 
regulating  P-lap-mediated  apoptosis  was  critical  to  evaluate. 
p-Calpain  was  activated  in  a  temporal  manner  corresponding  to 
proteolytic  cleavage  events,  apoptosis,  and  its  apparent  translocation 
to  the  nucleus  from  the  cytoplasm  (Figs.  1-5).  Known  apoptotic 
caspases  (3,  6,  7,  8,  9,  10  and  12)  were  not  activated  after  treatment 
of  NQOl -expressing  cells  with  p-lap,  suggesting  a  role  for  p-calpain 
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in  this  apoptotic  response  independent  of  caspase  activation  (Table  1). 
Other  caspases  (1,  4,  5,  1 1  and  13)  were  not  assayed  for  activation 
after  p-lap  exposures  because  they  are  not  associated  with  most 
apoptotic  pathways,  but  rather,  are  implicated  in  inflammation 
processes.59*60  Killer/DR5,  a  death-domain  containing  pro-apoptotic 
receptor,  mRNA  was  reported  to  be  upregulated  after  P-lap-expo- 
sures  in  colon  cancer  cell  lines,  however,  neither  downstream  receptor 
activation  nor  caspase  activation  were  assayed  in  these  cells.61  Since 
caspases  8  and  10  are  important  for  receptor-mediated  apoptosis, 
through  their  association  with  death  domains  (e.g.,  FADD)  62  and 
neither  caspase  was  activated  after  p-lap  exposures  in 
MDA-468-NQ3  cells  (Table  1),  our  data  would  strongly  suggest 
that  receptor-mediated  pathways  are  not  involved  in  p-lap-induced 
apoptosis.  Furthermore,  pan-caspase  inhibitors  did  not  prevent 
apoptotic  proteolytic  substrate  cleavages,  nor  cell  death  induced  by 
P-lap.20,27  In  contrast,  Ca2+  chelators  and  calpastatin,  the  endogenous 
inhibitor  of  calpains,  did  prevent  and/or  delay  proteolytic  cleavage 
events,  as  well  as  apoptosis  induced  by  P-lap  (Refs.  26,27  and  Fig. 
4),  further  implicating  a  role  for  calpains  in  apoptosis  independent 
of  caspase  activation.  Together  with  the  rather  dramatic  loss  of  ATP 
in  P-lap-exposed  cells,26  these  data  strongly  suggest  that  caspases  are 
not  involved  in  cell  death  induced  by  this  cytotoxic  agent. 

Determining  whether  caspases  were  involved  in  p-lap  induced 
apoptosis  was  essential  since  caspases  are  known  to  be  involved  in  a 
number  of  classic  apoptotic  pathways.2*4  In  addition,  calpain  activation 
in  apoptosis  is  usually  linked  upstream  or  downstream  of  caspase 
activation,  or  in  a  parallel  pathway  alongside  caspase  activation.63'65 
In  studies  described  above,  we  demonstrated  that  calpains  were 
activated  in  human  breast  cancer  cells  during  P-Iap-mediated 
apoptosis,  while  caspase  activation  was  not  apparent  (Fig.  1-4,  Table 
1).  In  addition,  caspase  inhibitors  did  not  have  any  effect  on  the 
apoptotic  morphology  or  survival  of  NQOl -expressing  cells  exposed 
to  P-lap.20,27  This  may  suggest  a  redundancy  of  apoptotic  proteases, 
as  well  as  a  novel  proteolytic  pathway  for  calpains.  Furthermore, 
although  calpain  is  activated,  this  protease  may  either  be  one  of  a 
family  of  proteases  activated  in  response  to  P-lap,  or  simply  represent 
a  mechanism  for  eliminating  badly  damaged  cells.  This  conclusion  is 
supported  by  the  fact  that  calpain  inhibitors  (chemicals  or  endogenous 
calpastatin  expression)  only  slightly  delayed  apoptotic  responses 
triggered  by  p-lap. 

Endonuclease  activation  is  a  critical  step  in  the  apoptotic  pathway 
culminating  in  DNA  fragmentation.  Many  DNases  are  known  to 
exist,  some  of  which  are  involved  in  apoptosis,  such  as 
Ca2+/Mg2+-dependent  endonucleases  (e.g.,  DNase  I,  DNase 
gamma),  Mg2+-dependent  endonucleases  (CAD/DFF40),  and  the 
cation-independent  endonucleases  (DNase  II).66  Caspase  3  usually 
mediates  cleavage  of  DFF45/ICAD  (a  DNase  inhibitor)  allowing  for 
translocation  and  activation  of  DFF40/CAD  that  mediates  DNA 
fragmentation.67  Since  caspases  were  not  activated  in  p-lap-mediated 
apoptosis  and  DNA  fragmentation  was  observed  via  the  TUNEL 
assay  (Figs.  1-4  and  Table  1),  three  potential  pathways  for  endonu¬ 
clease  activation  in  p-lap-mediated  apoptosis  are  possible: 

1.  Calpains  directly  activate  an  endonuclease; 

2.  Calpains  activate  another  protease  that  then  activates  an  endonuclease^ 
or 

3.  Calpains  are  not  involved  in  endonuclease  activation,  and  Ca2+ 
alone  may  activate  an  endonuclease. 

In  some  apoptotic  pathways,  calpain  inhibitors  blocked  all  aspects  of 
apoptosis,  including  DNA  fragmentation.5,55  These  data  imply  that 
calpain  activation  led  to  endonuclease  activation  either  directly,  or 


indirectly,  and  it  is  unclear  whether  this  is  through  activation  of  a 
caspase,  another  protease,  or  directly  by  calpains.  Our  data  suggest 
that  either  calpain  directly  activates  an  endonuclease  or  that  calpain 
activates  another  protease  (independent  of  caspases)  that  then  activates 
an  endonuclease,  since  calpastatin  over- exp ressio n  can  delay  the 
onset  of  DNA  fragmentation  and  calpastatin  protein  levels  were 
inversely  proportional  to  the  time  and  amount  of  DNA  fragmentation 
observed  after  p-lap  exposure  (Fig.  4).  Calpastatin  should  not  affect 
the  levels  of  Ca2+  in  the  cell  and  thus  should  not  affect  endonuclease 
activation  by  Ca2+  alone.  However,  although  calpastatin  is  not 
known  to  inhibit  any  other  proteases,  it  may  inhibit  another  yet 
unknown  protease  that  is  involved  in  endonuclease  activation.  We 
have  preliminary  evidence  that  DFF45  was  cleaved  concomitantly 
with  PARP  and  p53  proteolysis,  as  well  as  calpain  activation  in  vivo 
in  MDA-468-NQ3  cells  exposed  to  8  pM  p-lap  and  by  purified 
p-calpain  in  vitro  (Tagliarino  et  al.,  unpublished  results).  These  data 
suggest  that  calpain  might  directly  activate  the  DFF40/CAD 
endonuclease. 

Calpains  are  not  only  suggested  to  be  involved  in  DNA  frag¬ 
mentation  (via  endonuclease  activation),  but  are  also  effector 
proteases  that  cleave  cellular  proteins  involved  in  DNA  repair  (e.g., 
PARP),  membrane  associated  proteins  (e.g.,  a-spectrin  and  actin) 
and  other  homeostatic  regulatory  proteins  (e.g.,  c-FOS,  C-JUN, 
p53). 5,10,29,37,68,69  Calpain  substrate  cleavage  does  not  involve  a 
specific  primary  cleavage  site,  but  rather,  is  dependent  upon  the 
secondary  structure  of  the  substrate,  making  calpains  a  class  of 
proteases  different  from  the  aspartate-specific  caspases.68,70*72  We 
demonstrated  that  fi-lap-induced  activation  of  p-calpain  in  human 
breast  cancer  cells  mediated  cleavage  of  p53  in  a  manner  similar  to 
that  previously  reported.29,30  Loss  of  p53  may  further  promote 
apoptosis  by  preventing  anti-apoptotic  pathways  or  cell  cycle  arrest 
to  allow  for  cell  repair.  PARP  is  a  caspase  3  substrate,  and  a  widely 
used  indicator  of  apoptosis  when  cleaved  to  a  characteristic  89  kDa 
fragment  from  its  1 13  kDa  full-length  protein.  PARP  was  previously 
reported  to  be  cleaved  by  calpains  to  a  40  kDa  fragment  during 
mai  to  toxin-induced  necrosis.37  PARP  was  also  cleaved  by  calpains 
purified  from  calf  thymus  to  42  kDa,  45  kDa  (doublet)  and  47 
kDa  (triplet)  fragments.38  Here,  we  show  a  novel  cleavage  of  PARP 
to  an  -60  kDa  polypeptide  fragment,  mediated  by  p-calpain  in 
p-lap-treated,  NQOl -expressing  breast  cancer  cells  during  apoptosis, 
as  well  as  by  purified  active  human  erythrocyte  p-calpain  (Figs.  14). 

p-Calpain  Translocated  to  the  Nucleus  Upon  Activation  in 
p-Lap-Induced  Apoptosis.  Both  m-  and  pi-calpains  are  predomi¬ 
nantly  cytoplasmic.51,73'75  However,  some  immunoreactivity 
towards  calpains  has  been  localized  at  the  cell  membrane,76  at 
cell-substrate  attachment  plaques  in  cultured  cells,77  at  the  I-band  in 
muscle  cells,78  or  around  and  within  the  nucleus.30,35,51,79,80 
Calpains  can  exhibit  diffuse  cytoplasmic  staining  with  no  change 
after  activation  by  certain  agents.9  Conversely,  calpains  have  also 
been  shown  to  undergo  redistribution  from  the  cytosol  to  the 
plasma  membrane  upon  activation  by  other  agents.81  This  suggests 
a  complex  activation  process  for  calpains  that  is  agent-  and  cell 
type-specific.  While  calpains  have  been  reported  to  cleave  a  number 
of  nuclear  proteins  (e.g.,  p53,  PARP)  there  is  negligible  data  that 
calpains  may  be  localized  to  the  nucleus,  and  translocation  to  the 
nucleus  upon  activation  has  only  been  suggested.30,51  Interestingly, 
one  group  showed  that  p-calpain  immunoreactivity  transiently 
accumulated  in  cell  nuclei  concomitant  with  proteolysis  of  p53  in 
late  Gj  phase.35  Mellgren  et  al.80  also  demonstrated  nuclear  trans¬ 
port  of  purified  calpains  in  permeabilized  cells;  fluorescein- tagged, 
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p-calpain  was  transported  into  nuclei  in  an  ATP-dependent  fashion 
and  calpastatin  did  not  block  m-calpain  translocation.  Here,  we 
demonstrate  the  ability  of  m-calpain  to  translocate  to  the  nucleus  in 
NQOl -expressing  breast  cancer  cells  after  exposure  to  P-lap  that  is 
presumably  ATP-independent  (Fig.  5);  ATP  levels  in  the  cell  are 
depleted  prior  to  nuclear  translocation  of  p-calpain.2^  p-Calpain 
translocated  to  the  nucleus  concomitant  with  its  own  activation, 
apoptotic  proteolytic  cleavage  events,  and  DNA  fragmentation 
(Figs.  1-2  and  Fig.  5).  This  translocation  would  allow  calpain  to 
proteolytically  cleave  the  nuclear  substrates,  PARP  and  p53,  as  well 
as  potentially  activate  an  endonuclease. 

In  conclusion,  we  demonstrated  that  p-calpain  was  activated  in 
NQOl -expressing  breast  cancer  cells  exposed  to  p-lap.  Its  activation 
involved  an  apoptotic  signal  transduction  pathway  leading  to  cell 
death  independent  of  caspase  activation  and  sensitive  to  calpastatin 
expression  (Figs.  1  -A  and  Table  1).  We  also  demonstrated  a  novel 
translocation  of  p-calpain  to  the  nucleus  upon  its  activation  in 
p-lap-  and  menadione-mediated  apoptosis  (Fig.  5).  However,  to 
unambiguously  prove  the  essential  role  of  calpains  in  p-lap-induced 
apoptosis,  NQOl -expressing  cells  deficient  in  calpain  enzymatic 
activity  compared  with  calpain  containing  cells  after  exposure  to 
p-lap  would  be  paramount. 
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